Proton and helium nuclei cosmic ray spectra and modulations between 100 and 2,000 MeV/nucleon by Ormes, J. F.
PROTON AND HELIUM NUCLEI COSMIC RAY 
SPECTRA AND MODULATIONS BETWEEN 
100 AND 2000 MEV/NUCLEON 
Jonathan F. O r m e s  
Technical  Report  
CR-109 
December, 1967 
School of Physics  and Astronomy 
Univer s it y of Minnesota 
Minneapolis,  Minnesota 
*Research supported by NASA Support  Grant  N s G  281-62. 
A T h e s i s  submit ted t o  t h e  f a c u l t y  of t h e  Graduate  School of t h e  
U n i v e r s i t y  o f  Minnesota i n  p a r t i a l  f u l f i l l m e n t  of t h e  requi rements  
f o r  t h e  Degree of Doctor of Phi losophy,  December, 1967 
https://ntrs.nasa.gov/search.jsp?R=19680007254 2020-03-12T09:18:56+00:00Z

ACKNOWLEDGEMENTS 
I should l i k e  t o  expres s  my deepes t  a p p r e c i a t i o n  t o  D r .  
W.R.  Webber who has  d i r e c t e d  t h i s  r e s e a r c h  and provided guidance 
and encouragement throughout .  H i s  g e n e r o s i t y  w i t h  h i s  t ime and 
h i s  i d e a s  has  been of enormous v a l u e  i n  t h i s  r e sea rch .  
I would next  l i k e  t o  thank D r .  C . J .  Waddington and D r .  
P .S .  F r e i e r  f o r  t h e i r  i n t e r e s t  i n  t h i s  work and t h e i r  h e l p f u l  
cr  i t i c  i s m .  
For t h e  many f l i g h t s  w e  have had w i t h  t h i s  equipment 
and f o r  t h e i r  he lp  i n  t h e  a n a l y s i s  of t h e  d a t a  I a m  indebted  
t o  M r .  John Graham, Mr. James Kish and Fir. Donald Kvist .  
The typ ing  has  been done by Mrs. Grace P a u l s  and I a m  
most g r a t e f u l  t o  h e r ,  e s p e c i a l l y  f o r  be ing  a b l e  t o  read  my 
w r i t i n g  . 
I a p p r e c i a t e  t h e  h o s p i t a l i t y  of  t h e  Great Western Hote l  
i n  Hughenden, Queensland,  A u s t r a l i a ,  where this paper  w a s  
f i n a l l y  completed.  
My g r a t i t u d e  t o  my wi fe  f o r  h e r  p a t i e n c e  has  been duly  
communicated. 
Th i s  work has  been supported by t h e  Nat iona l  Aeronaut ics  
and Space Adminis t ra t ion  Grant N s G  281-62. 
ABSTRACT 
During t h e  y e a r s  1963-1966, as t h e  sun passed through i t s  
minimum p e r i o d  of a c t i v i t y ,  an e x t e n s i v e  series of ba l loon  
f l i g h t s  h a s  been conducted i n  o r d e r  t o  s t u d y  t h e  primary cosmic 
r a d i a t i o n  and i t s  t i m e  v a r i a t i o n s .  The instrument  used i s  
a C e r e n k o v - s c i n t i l l a t i o n  counter t e l e s c o p e ,  t h e  most r e c e n t  
v e r s i o n  of which c o n t a i n s  two dE/dX d e t e c t o r s ,  a combination 
Cerenkov and s c i n t i l l a t i o n  d e t e c t o r  and a range  s c i n t i l l a t o r .  
T h i s  t e l e s c o p e  and i t s  response c h a r a c t e r i s t i c s  t o  pro tons  and 
helium n u c l e i  are descr ibed .  
Convolution techniques  are used t o  unfold t h e  Landau 
f l u c t u a t i o n s  i n  energy l o s s  thereby a l lowing  d e r i v a t i o n  of t h e  
d i f f e r e n t i a l  energy spectrum from 100 MeV/nucleon up t o  2 B e V /  
nucleon . 
The d i f f e r e n t i a l  energy s p e c t r a  d e r i v e d  by t h i s  technique  
a re  p r e s e n t e d  from n i n e  bal loon f l i g h t s ,  f i v e  a t  F o r t  C h u r c h i l l ,  
Canada and f o u r  a t  l a t i t u d e s  ranging from Ely,  Minnesota t o  
F a y e t t e v i l l e ,  Arkansas. The s p e c t r a  t h u s  der ived  are found t o  
be  i n  g e n e r a l l y  good agreement w i t h  t h o s e  of  o t h e r  workers b u t  
s i g n i f i c a n t l y  more a c c u r a t e .  The s p e c t r a  a t  lower l a t i t u d e s  
c l e a r l y  show t h e  e f f e c t s  o f  t h e  geomagnetic cu t -of f .  
The d a t a  is examined t o  determine t h e  f u n c t i o n a l  form of 
t h e  s o l a r  modulation by comparing t h e  sunspot  minimum spectrum 
obta ined  i n  1965 w i t h  t h e  pre-sunspot minimum spectrum obta ined  
i n  1963 and t h e  p o s t  sunspot  minimum spectrum obta ined  i n  1966. 
The modulation d a t a  does not  fo l low a f u n c t i o n a l  form of e i t h e r  
1 / B  o r  1 / B R  b u t  r a t h e r  a form more n e a r l y  l i k e  1/BR5. 
ca l  p i c t u r e  i s  cons idered  i n  which t h i s  behavior  can b e  a s c r i b e d  
t o  t h e  s t a t i s t i c a l  d i s t r i b u t i o n  of  magnetic s c a t t e r i n g  c e n t e r  
s i z e s  i n  t h e  i n t e r p l a n e t a r y  medium. I n  t h i s  model t h e  exponent 
of t h e  r i g i d i t y  dependent term i n  t h e  modulation can be  r e l a t e d  
t o  t h e  s l o p e  of t h e  power spectrum of magnetic s c a t t e r i n g  cen te r s .  
The d a t a  is compared wi th  t h a t  of o t h e r  workers and found 
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A t h e o r e t i -  
t o  be consistent w i t h  a p i c t u r e  i n  which t h e  form of t h e  modulat- 
i on  above 200 MeV/nucleon changes from 1 / B $  near  sunspot  mini- 
mum t o  almost  1 / B R  n e a r  sunspot maximum. It i s  a l s o  observed 
t h a t ,  a t  a l l  levels  of s o l a r  modulat ion,  t h e r e  is a r i g i d i t y  
below which t h e  form of t h e  modulation becomes 
below which t h e  form 1 / B  holds v a r i e s  s y s t e m a t i c a l l y  dur ing  t h e  
s o l a r  c y c l e ,  bu t  d i f f e r e n t l y  f o r  p r o t o n s  and helium nuc , l e i  i n  a 
manner which is d i f f i c u l t  t o  understand w i t h i n  t h e  framework of 
t h e  c u r r e n t  s o l a r  wind models f o r  t h e  modulation. 
1 / B .  The r i g i d i t y  
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I. INTRODUCTION 
It h a s  been known f o r  some t i m e  t h a t  t h e  i n t e n s i t y  of 
cosmic r a y s  near  t h e  e a r t h  i s  i n v e r s e l y  c o r r e l a t e d  w i t h  t h e  
11 y e a r  c y c l i c  a c t i v i t y  on the  s o l a r  s u r f a c e  as  expressed 
through t h e  number of  sunspots .  Models which connect t h i s  
modulat ion of cosmic r a y s  ( c a l l e d  t h e  l o n g  t e r m  modulat ion)  
w i t h  t h e  s o l a r  a c t i v i t y  have ranged from t h e  h e l i o c e n t r i c  
e l ec t r i c  f i e l d s  envisaged by Emhert (1960) and t h e  s o l a r  
d i p o l e  magnet ic  f i e l d  o f  E l l i o t  (1960) t o  t h e  more g e n e r a l l y  
accepted  s o l a r  wind model f i r s t  developed by Parker  (1956). 
I n  t h i s  l a t t e r  model t h e  connec t ion  between s o l a r  a c t i v i t y  
and t h e  cosmic r a y  modulation w a s  proposed t o  b e  made through 
t h e  expanding corona of  t h e  sun ( t h e  s o l a r  wind).  
of  t h e  s o l a r  wind which is  supposedly r e s p o n s i b l e  f o r  t h e  
cosmic r a y  v a r i a t i o n  near  t h e  e a r t h  i s  t h e  "frozen in"  magnetic 
f i e l d  which i s  c a r r i e d  away from t h e  sun  by t h i s  plasma. This  
magnet ic  f i e l d  and,  i n  p a r t i c u l a r ,  i t s  inhomogenei t ies  are 
imagined t o  sweep t h e  cosmic r a y s  o u t  of  t h e  s o l a r  system t h u s  
producing i n t e n s i t y  v a r i a t i o n s .  With t h e  advent  i n  r e c e n t  y e a r s  
of s a t e l l i t e s  which have gone o u t s i d e  t h e  e a r t h ' s  magnetosphere, 
t h e  e x i s t e n c e  of t h e  s o l a r  wind and t h e  i n t e r p l a n e t a r y  magnetic 
f i e l d  h a s  been v e r i f i e d  
The f e a t u r e  
P a r k e r ' s  o r i g i n a l  model h a s  been modif ied and expanded 
It s u f f i c e s  t o  say  t h a t  each m o d i f i c a t i o n  by many a u t h o r s .  
of t h e  model makes s p e c i f i c  p r e d i c t i o n s  regard ing  t h e  r i g i d i t y  
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dependence of t h e  modulation. 
t o  examine t h a t  f u n c t i o n a l  form (e .g .  r i g i d i t y  dependence) 
exper imenta l ly .  
It is t h e  purpose of t h i s  paper 
I n  t h i s  connect ion many a t tempts  have been made dur ing  
t h e  l a s t  f o u r  y e a r s ,  1963-1966, w h i l e  t h e  sun  h a s  gone through 
i t s  p e r i o d  o f  minimum a c t i v i t y ,  t o  de te rmine  t h e  f u n c t i o n a l  
form of t h e  modulation. These a t t e m p t s  have n o t  been s u f f i c i e n t l y  
a c c u r a t e  nor  have they  extended over  a s u f f i c i e n t l y  l a r g e  energy 
range  t o  enable  t h e  important  parameters of t h i s  model t o  b e  
i n v e s t i g a t e d ,  t o  s tudy  i t s  l i m i t a t i o n s ,  o r  t o  s e a r c h  f o r  o t h e r  
l e s s  important  processes  which may b e  a t  work. 
t o  remedy t h i s  s i t u a t i o n  w e  have designed and flown a l a r g e  
area Cerenkov s c i n t i l l a t i o n  counter  t e l e s c o p e  t o  s tudy  t h e  
v a r i a t i m s  of bo th  t h e  pro ton  and helium components. 
I n  an a t tempt  
T h i s  series of Cerenkov s c i n t i l l a t o r  measurements began 
i n  1963 and i s  s t i l l  cont inuing.  During t h i s  t i m e  t h e  b a l l o o n  
borne p a r t i c l e  d e t e c t i o n  system has  evolved cons iderably  and 
t h e  most r e c e n t  v e r s i o n  of t h e  t e l e s c o p e  and t h e  d e t a i l s  of 
i t s  response  w i l l  b e  descr ibed  here .  
I n  o r d e r  t o  extend t h e  measurements of t h e  d i f f e r e n t i a l  
energy spectrum over t h e  whole range  from 100 MeV/nucleon 
up t o  2 BeV/nucleon, a new method f o r  t h e  d e r i v a t i o n  of t h e  
energy spectrum from a p u l s e  height  d i s t r i b u t i o n  has been 
developed and w i l l  b e  presented.  
s p e c i f i c a l l y  w i t h  t h e  problems of background, s t a t i s t i c a l  
energy l o s s  f l u c t u a t i o n s ,  energy c a l i b r a t i o n  and atmospheric  
secondary c o r r e c t i o n s  a s  they  p e r t a i n  t o  t h e  d e r i v a t i o n  of 
I n  a d d i t i o n  w e  w i l l  d e a l  
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t h e  energy s p e c t r a .  
We w i l l  t h e n  present  the d i f f e r e n t i a l  energy s p e c t r a  of 
b o t h  p r o t o n s  and helium n u c l e i  ob ta ined  on n i n e  b a l l c o n  f l i g h t s ,  
f i v e  a t  F o r t  C h u r c h i l l ,  Manitoba and f o u r  a t  lower l a t i t u d e s  
ranging f r o n  F a y e t t e v i l l e ,  Arkansas t o  E ly ,  Minnesota. 
These s p e c t r a  w i l l  b e  exanined t o  determine t h e  f u n c t i o n a l  
form of t h e  s o l a r  modulation. It w i l l  b e  shown t h a t  a t  s o l a r  
minimum i n  t h e  energy range covered by t h i s  d e t e c t o r  t h e  modu- 
l a t i o n  is  n e i t h e r  of t h e  two m o s t  commonly assumed forms, 1 / B  
o r  1 / 6 R ,  b u t  l i e s  somewhere between -- say  1 / B R  
.5 o r  .6 .  
be examined i n  view of t h i s  f i nd ing .  
c1 
where c1 i s  
Other  d a t a  a v a i l a b l e  on t h e  11 year  modulation w i l l  
Before  proceeding,  a f i n a l  i n t r o d u c t o r y  remark is  i n  
o r d e r .  The l a r g e  energy range a c c e s s i b l e  t o  t h i s  d e t e c t o r  
makes i t  p o s s i b l e  t o  e l i m i n a t e  some of t h e  d i f f i c u l t i e s  en- 
countered i n  s t u d i e s  which depend upon summaries o f  t h e  d a t a  
from s e v e r a l  d e t e c t o r s  over  s e v e r a l  d i f f e r e n t  energy ranges  
( e . g .  see  S i l b e r b e r g ,  1966,  o r  Nagashima e t  a l . ,  1 9 6 7 ) .  The 
advantage of  us ing  a s i n g l e  d e t e c t o r ,  and very  impor tan t ly ,  
a s i n g l e  mcrhod of a n a l y s i s  over a l a r g e  energy range i s  
c l e a r l y  t o  s y s t e m a t i z e  t h e  errors which can always b e  present  
i n  t h e  d a t a  a n a l y s i s  of any counter experiment.  For t h i s  rea-  
son  i t  is  hoped t h a t  measurements can cont inue  t o  be  made wi th  
t h i s  d e t e c t o r  tliroughout t h e  remainder of t h e  c u r r e n t  s o l a r  
c y c l e .  
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11. THE DETECTOR 
The measurements t o  be considered h e r e  have been s e l e c t e d  
from twelve s u c c e s s f u l  b a l l o o n  f l i g h t s  made dur ing  t h e  y e a r s  
1963-1966 a t  a number of l o c a t i o n s ,  b u t  p r i m a r i l y  a t  F o r t  C h u r c h i l l ,  
Manitoba.* During t h i s  p e r i o d  t h e  cosmic r a y  i n t e n s i t y  reached 
a maximum d u r i n g  t h e  e a r l y  p a r t  of 1965. The d e t a i l s  p e r t i n e n t  
t o  t h e  b a l l o o n  f l i g h t s  are given i n  Table  1 a l o n g  w i t h  t h e  cor res -  
ponding neut ron  monitor  i n t e n s i t i e s  from M t .  Washington. The mea- 
surements  are  seen  t o  range from w i t h i n  6% t o  2% of sunspot  minimum 
c o n d i t i o n s  as determined from t h e  h i g h e s t  M t .  Washington neut ron  
monitor  rates reached i n  1954-1955 and a g a i n  i n  1965. 
A d e t a i l e d  d e s c r i p t i o n  of t h e  experiment can b e  found i n  a 
U n i v e r s i t y  of Minnesota Technical  Report  (Ormes, 1965).  This  
d i s c u s s i o n  i n c l u d e s  a d e s c r i p t i o n  of t h e  p h y s i c s ,  t h e  r e s o l u t i o n ,  
t h e  e l e c t r o n i c s ,  t h e  c a l i b r a t i o n ,  t h e  n o n - l i n e a r i t i e s ,  t h e  s t a b i l i t y ,  
e t c .  of t h e  t e l e s c o p e  and informat ion  concerning t h e  d a t a  a n a l y s i s  
and t h e  l o g i s t i c a l  b a l l o o n  suppor t .  Here w e  w i l l  be  concerned only  
w i t h  t h o s e  f e a t u r e s  which re la te  d i r e c t l y  t o  t h e  v a l i d i t y  of t h e  
d a t a  t o  b e  presented .  
F i g u r e  1 is a schematic  diagram of t h e  most r e c e n t  v e r s i o n  
*Prel iminary pro ton  and helium s p e c t r a l  d a t a  has been pre- 
s e n t e d  elsewhere (Webber and Ormes, 1963 b ;  O r m e s  and Webber, 
1964 and 1965) ,  and r e s u l t s  concerning o t h e r  f e a t u r e s  of t h e  
d a t a  such as s p e c t r a  of heavy n u c l e i ,  s o l a r  neut rons ,  and t h e  
He3 and He4 r a t i o  have been repor ted  (Webber and O r m e s ,  1963 a 
and 1965; Webber, O r m e s  and von Rosenvinge 1965; and O r m e s ,  von 
Rosenvinge and Webber , 1967) . 
5 
!-l 
0 
U 
u aJ 
U 
aJ z: 
B 
.rl 
U 
v) 
Ll aJ 
3 
ri 
(d 
G 
rl 
rl 
0 u 
c 
0 
aJ 
ri 
0 
r\l 
m 
C 3  N M 0 N \D U? h h 
U 
(d 
v) 
a, 
’a 
(d 
a, 
4 
U 
C 
’4 
!-l 
0 
U 
‘J 
(d 
k 
d 
m u a 
c3 
(d 
V 
-4 
k 
u 
aJ e 
0 
aJ 
c3 
4c 
h 
ri 
W 
a 
rrl 
aJ 
c; 
6 
Top Scintillator 1 cm 
Scintillator 139cm2 
Thin Scintillator 
Range Scintillator 
Geometric Factor 55.4 ster. cm2 
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of  t h e  counter  t e l e s c o p e .  A coincidence event  i s  de f ined  by 
t h e  f i r s t  two elements ,  (St and Sm), bo th  NE (Nuclear Enter-  
p r i s e s )  102 p l a s t i c  s c i n t i l l a t o r .  The i o n i z a t i o n  l o s s  i n  both  
of t h e s e  d e t e c t o r s  r e s u l t s  i n  l i g h t  p u l s e s  which are analyzed 
and recorded by a 2048 channel  p u l s e  h e i g h t  a n a l y s i s  system. 
The t h i r d  element is a combination s c i n t i l l a t o r  and Cerenkov 
d e t e c t o r  c a l l e d  t h e  S + C d e t e c t o r .  It c o n s i s t s  of a t h i n  
(0.020" NE 1 0 2 )  p l a s t i c  s c i n t i l l a t o r  o p t i c a l l y  coupled t o  an 
u l t r a v i o l e t  t r a n s m i t t i n g  Luc i t e  Cerenkov r a d i a t o r  which i n  
t u r n  is  o p t i c a l l y  coupled t o  t h e  f a c e  of a 7" pho tomul t ip l i e r  
t ube .  The p u l s e  he ight  measured from t h i s  t ube  i s  t h e  i n t e g r a t e d  
l i g h t  ou tpu t  from t h e  s c i n t i l l a t o r  and t h e  Luc i t e .  This  i s  a l s o  
analyzed by a 2048 channel  pu lse  he igh t  ana lyze r .  
parameter  f o r  t h i s  d e t e c t o r  is  t h e  r a t i o  of t h e  s c i n t i l l a t i o n  t o  
t h e  Cerenkov l i g h t ,  called t h e  S/C r a t i o ,  and i t  has  been set  
from S/C = .2 t o  S / C  = .4 i n  var ious  f l i g h t s .  ( I t  should be  
noted  t h a t  wh i l e  t h e  S/C r a t i o  has  been changed from f l i g h t  t o  
f l i g h t ,  t h e  element i n  which t h e  energy of t h e  p a r t i c l e  i s  
determined (St)  has  remained unchanged.) 
p a r t i c u l a r  d e t e c t o r  i s  dominated above 320 MeV/nucleon by t h e  
Cerenkov l i g h t  which decreases  wi th  dec reas ing  energy, whereas 
below t h i s  energy t h i s  combination behaves l i k e  a pure s c i n t i l l a t o r .  
The c r i t i ca l  
The response of t h i s  
The f i n a l  element of t h e  t e l e scope  c o n s i s t s  of a p l a s t i c  
s c i n t i l l a t o r  c a l l e d  t h e  range d e t e c t o r .  This  element i s  used 
i n  a "yes-no" manner and provides  an energy th re sho ld  f o r  
p a r t i c l e s  e n t e r i n g  a t  t h e  t o p  of t h e  t e l e s c o p e  of 90 MeV/nucleon f o r  
8 
protons  and helium n u c l e i  and 20 MeV f o r  e l e c t r o n s .  T h i s  
d i v i d e s  t h e  p a r t i c l e s  i n t o  two classes -- p e n e t r a t i n g ,  P, 
and non-penetrat ing,  P. The t e l e s c o p e  as o r i g i n a l l y  designed 
d i d  n o t  c o n t a i n  e i t h e r  t h e  Sm o r  P d e t e c t o r s .  
- 
The two dimensional response of t h i s  instrument ,  St  vs 
S + C , i s  shown i n  F i g u r e  2. 
t h a t  a t  e n e r g i e s  above 320 MeVfnucleon t h e  s imple two dimensional  
response  of t h e  t e l e s c o p e  is  dominated by t h e  decreas ing  Ceren- 
kov l i g h t  o u t p u t  on one a x i s  and t h e  i n c r e a s i n g  i o n i z a t i o n  l o s s  
on t h e  o t h e r .  A t  320 MeVfnucleon, t h e  Cerenkov t h r e s h o l d ,  t h e  
t e l e s c o p e  e f f e c t i v e l y  becomes a double  s c i n t i l l a t o r .  
i o n  of t h e  p e n e t r a t i o n  d e t e c t o r  makes i t  p o s s i b l e  t o  d i f f e r e n t -  
i a t e  between h igh  energy helium n u c l e i  and low energy pro tons  
and deuterons  where t h e i r  r e s p e c t i v e  response  curve  c r o s s  one 
a n o t h e r .  It a l s o  removes e l e c t r o n s  < 20 MeV from t h e  minimum 
i o n i z i n g  s i n g l y  charged peak. 
One can observe  from t h i s  f i g u r e  
The a d d i t -  
The response  of t h i s  te lescope  i s  considered i n  more d e t a i l  
i n  Appendix 1 where p a r t i c u l a r  a t t e n t i o n  i s  pa id  t o  t h e  ways i n  
which t h e  p u l s e  from second s c i n t i l l a t o r  Sm may be  used. 
p r i n c i p l e  u s e  of Sm i s  t o  provide a cons is tency  check on t h e  
i o n i z a t i o n  l o s s  i n  S,. The r e s u l t a n t  r e d u c t i o n  i n  background 
i s  shown i n  t h e  appendix along w i t h  s e v e r a l  sample two dimen- 
s i o n a l  p u l s e  h e i g h t  d i s t r i b u t i o n s .  F u r t h e r  d i s c u s s i o n  of t h e  
response  c h a r a c t e r i s t i c s  of t h i s  t e l e s c o p e  t o  v a r i o u s  p a r t i c l e s  
w i l l  be  mentioned as needed. 
The 
It should b e  emphasized t h a t  t h i s  t e l e s c o p e  has  s u f f i c i e n t  
9 
+ 
10 
c o l l e c t i n g  area and s o l i d  angle  (55.4 ster em2) and s u f f i c i e n t  
" r e s o l v i n g  power'' t o  observe  t h e  t i m e  h i s t o r y  of s p e c t r a l  changes 
of  p ro tons  and helium n u c l e i  wi th  t i m e  c o n s t a n t s  as s h o r t  as 
a n  hour.  I n  t h e  immediate f u t u r e  t h e  t e l e s c o p e  can be  used t o  
con t inue  obse rva t ions  of  the modulation of t h e  cosmic r a y s  both  
f o r  long  term (11 year )  and in t e rmed ia t e  t e r m  (Forbush dec rease  
and d i u r n a l  and semi-d iurna l  v a r i a t i o n s )  e f f e c t s ,  t o  examine t h e  
s p e c t r a l  h i s t o r y  of high energy s o l a r  f l a r e  p a r t i c l e s ,  and t o  
look  f o r  any as y e t  unobserved s h o r t  t e r m  e f f e c t s .  
. 
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111. DATA ANALYSIS 
Many d i f f i c u l t i e s  arise when one a t t e m p t s  t o  determine t h e  
pro ton  and hel ium d i f f e r e n t i a l  energy s p e c t r a  t o  a n  accuracy  of 
5% between 200 MeV/nucleon and 2 BeV/nucleon. F i r s t  of a l l  
extreme care must b e  taken i n  the  de t e rmina t ion  of a l l  t h o s e  
q u a n t i t i e s  which e n t e r  i n t o  the  c a l c u l a t i o n  of a f l u x ,  i e .  t h e  
geomet r i ca l  f a c t o r ,  t h e  t i m e ,  t h e  a l t i t u d e ,  e t c .  I n  a d d i t i o n  
t h e  energy c a l i b r a t i o n  must be c a r e f u l l y  determined and t h e  
problem of c o r r e c t i n g  f o r  s t a t i s t i c a l  f l u c t u a t i o n s  i n  energy 
l o s s  must be  so lved .  
A t  lower e n e r g i e s ,  < 200 MeV/nucleon, t h e  accuracy  of t h e  
p ro ton  s p e c t r a  is completely determined by t h e  c o r r e c t i o n  which 
must b e  made f o r  s p l a s h  and r e -en t r an t  (where a p p l i c a b l e )  a lbedo  
and f o r  secondary p ro tons  produced bo th  l o c a l l y  and i n  t h e  over- 
l y i n g  atmosphere.  
The handl ing  of some of these  problems has  been cons idered  
i n  a previous  work (Ormes, 1965) and h e r e  our  a t t e n t i o n  w i l l  be  
d i r e c t e d  p r i m a r i l y  t o  t h e  problem of i o n i z a t i o n  l o s s  f l u c t u a t i o n s  
and t h e i r  e f f e c t  on t h e  energy spectrum, t h e  energy c a l i b r a t i o n  
and t h e  c o r r e c t i o n s  f o r  a lbedo and secondary atmospheric  pro tons .  
a. ) Background 
With t h e  l a t e s t  vers ion  of t h e  t e l e scope ,  two methods 
are a v a i l a b l e  f o r  determining t h e  c o r r e c t i o n s  f o r  background 
even t s  l y i n g  i n  r eg ions  of p a r t i c l e  response on t h e  p u l s e  he igh t  
d i s t r i b u t i o n .  These background even t s  are caused p r i m a r i l y  by 
1 2  
n u c l e a r  i n t e r a c t i o n s  of t h e  cosmic r a y s  w i t h  t h e  material 
i n  t h e  t e l e scope .  A s  d i scussed  i n  Appendix 1, d i s c r i m i n a t i o n  
a g a i n s t  such i n t e r a c t i o n  events  i s  made by r e q u i r i n g  t h a t  t h e  
two s c i n t i l l a t o r  p u l s e  h e i g h t  measurements be  c o n s i s t e n t .  This  
p r d v i d e s  a method f o r  removing t h e  background accord ing  t o  one 
of t h e  fo l lowing  cr i ter ia :  
1st - Sml < k 2 ,  k2 = 32 
An a l t e r n a t i v e  method f o r  de te rmining  t h i s  background ( t h e  
one  used b e f o r e  Sm w a s  in t roduced)  i s  t o  e x t r a p o l a t e  a c r o s s  
r e g i o n s  of p a r t i c l e  response  from reg ions  of t h e  p u l s e  h e i g h t  
d i s t r i b u t i o n  which c o n t a i n  only background even t s .  
o f  t h i s  technique  i s  shown i n  F igure  3 .  I n  t h i s  f i g u r e  a c u t  
th rough t h e  d i s t r i b u t i o n  i s  taken a t  St = 4x minimum f o r  bo th  
P and p a r t i c l e s  s e p a r a t e l y .  The r e l a t i v i s t i c  helium peak is 
c l e a r l y  seen  i n  p e n e t r a t i n g  par t ic les  and is  absent  i n  non- 
p e n e t r a t i n g  p a r t i c l e s .  The shape of t h e  background d i s t r i b u t i o n  
i s  found t o  b e  independent of  whether t h e  event w a s  P o r  F. 
An example 
The background as  determined by us ing  s e l e c t i o n  c r i t e r i a  on 
t h e  S t  and S 
ground c o r r e c t i o n s  c o n s i s t e n t  t o  w i t h i n  10%. This makes t h e  
f i n a l  e r r o r s  due t o  background e f f e c t s  of t h e  o rde r  of 1% a t  a l l  
e n e r g i e s .  
p u l s e s  and by the  e x t r a p o l a t i o n  method g i v e  back- m 
b . )  S t a t i s t i c a l  F l u c t u a t i o n s  
The method by which we t a k e  account of Landau f l u c t u a t i o n s  
i n  energy l o s s  i s  one suggested by t h e  work of J enk ins  (1966) on 
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cosmic r a y  s p e c t r a  and of Subrahmanyan and Ammiraju (1964) on 
gamma r a y  s p e c t r a .  
The problem i s  t o  determine t h e  shape of t h e  r e sponse  f u n c t i o n  
of t h e  t e l e s c o p e  t o  p a r t i c l e s  of a l l  e n e r g i e s .  
impor tan t  c o n t r i b u t i o n  t o  t h i s  r e sponse  and hence t o  t h e  f i n a l  
By f a r  t h e  most 
r e s o l u t i o n  of t h e  d e t e c t o r  (as measured by t h e  f u l l  wid th  a t  
h a l f  m a x i m u m  - FWHM), a r e  the so c a l l e d  Landau f l u c t u a t i o n s  (1944). 
These s ta t i s t ica l  f l u c t u a t i o n s  have been cons idered  i n  
more d e t a i l  and f o r  a l a r g e r  range of e n e r g i e s  by Symon (1948),  
hence w e  w i l l  adopt t h e  name Symon s t a t i s t i c s  f o r  t h e s e  f l u c t u a t -  
i o n s .  They r e p r e s e n t  s t a t i s t i c a l  f l u c t u a t i o n s  i n  t h e  energy l o s s  
o f  i n c i d e n t  p a r t i c l e s  t r a v e r s i n g  t h i n  s l a b s  of ma t t e r  and are  
r e l a t e d  t o  t h e  p r o b a b i l i t y  of  t h e  i n c i d e n t  p a r t i c l e  producing 
one o r  more h igh  energy knock-on e l e c t r o n s .  (A t h i n  s l a b  is  
d e f i n e d  by Symon a s  one i n  which a pa r t i c l e  l o s e s  less than  10% 
of i t s  t o t a l  energy.)  I n  t h e  l i m i t  of t h i c k  c r y s t a l s  t h e  s ta t is t i -  
cal  d i s t r i b u t i o n s  of energy l o s s e s  becomes Gaussian i n  shape and 
i s  cen te red  a t  t h e  average  i o n i z a t i o n  l o s s  
rn 
E ave  =Pdt 
(T is t h e  th i ckness  of t h e  crystal  and t is d i s t a n c e  measured i n  
gm/cm2) where dE/dt is t h e  f ami l a r  Bethe-Block formula 
Z Here A = 2 - No re2mec2, and I(z) , t h e  average  i o n i z a t i o n  p o t e n t i a l ,  
depend upon t h e  charge z and t h e  mass a of t h e  t a r g e t  material .  
a 
15 
(A - 0.0833 MeV*gm'b ro2  and I (z )  = 62.6 eV for NE 102 s c i n t i l l a t o r . )  
B is t h e  f a m i l a r  v e l o c i t y  i n  u n i t s  of t h e  v e l o c i t y  of l i g h t .  6 
r e p r e s e n t s -  a c o r r e c t i o n  f o r  t h e  d e n s i t y  e f f e c t  as eva lua ted  by 
Sternheimer (1956). 
For t h e  whole of t h e  energy range  under cons ide ra t ion  t h e  
t e l e s c o p e  c o n t a i n s  " th in"  elements i n  which t h e  measured q u a n t i t y  
i s  t h e  m o s t  p robable  energy l o s s ,  Ep. 
d e t e c t o r  r e s o l u t i o n  (no f l u c t u a t i o n s  except  Symon s t a t i s t i c s )  
t h e  maximum i n  t h e  d i s t r i b u t i o n  of  measured energy l o s s e s ,  
is given  by Symon (1948) and Sternheimer (1953) as fol lows:  
I n  t h e  l i m i t  of p e r f e c t  
EP ' 
For any actual d e t e c t o r  t h e  peak i n  t h e  measured energy 
loss d i s t r i b u t i o n  w i l l  l i e  between t h e  va lues  g iven  by formulas  
(1) and (3). 
t h e  c l o s e r  t h e  most probable  response w i l l  approach Eave. (This  
makes t h e  energy c a l i b r a t i o n  of a d e t e c t o r  dependent upon its 
r e s o l u t i o n ,  a pd in t  t o  which more attention w i l l  be  d i r e c t e d  
below.) At minimum i o n i z a t i o n  (3 BeV/nucleon) Eave and Ep d i f f e r  
by 15% f o r  a 1 gm/cm2 t h i c k  d e t e c t o r  and so t h i s  e f f e c t  cannot be 
ignored.  
ion. 
The poorer  t h e  r e s o l u t i o n  of t h e  d e t e c t o r  i t s e l f  
A t  l o w  e n e r g i e s  Ep approaches Eave independent of r e s o h t -  
However, w e  need to  know more than t h e  location of t h e  peak 
i n  t h e  d i s t r i b u t i o n  as a func t ion  of  energy. 
response  d i s t r i b u t i o n  of t h e  d e t e c t o r  f o r  a l l  p a r t i c l e  ene rg ie s  
must a l s o  be known so t h a t  t h e  f r a c t i o n  of  counts  a t  any one 
energy which, due t o  s t a t i s t i c a l  f l u c t u a t i o n s ,  appear as counts  
The shape of t h e  
16 
a t  some o t h e r  energy can be determined. 
These response d i s t r i b u t i o n s  may be found us ing  convolu t ion  
techniques .  L e t  R ( E , x )  b e  t h e  composite response  d i s t r i b u t i o n  
of t h e  t e l e s c o p e  t ak ing  i n t o  account bo th  Symon s ta t i s t ics  and 
i n s t r u m e n t a l  e f f e c t s .  E is  the  p a r t i c l e ' s  energy as i t  e n t e r s  
t h e  d e t e c t o r s  and x is t h e  pulse  h e i g h t  measured. 
composed of S ( E , x )  which is the  energy l o s s  d i s t r i b u t i o n  f u n c t i o n  
determined by Symon (1948) and 6f G (x) which r e p r e s e n t s  t h e  
i n t r i n s i c  d e t e c t o r  response f o r  r e s o l u t i o n  Y (FWHM). 
i t e  response  d i s t r i b u t i o n s  a r e  then  ob ta ined  using t h e  convolu t ion  
i n t e g r a l  : 
This  is  
Y 
The compos- 
03 
R ( E , x )  = I S(E,y) Gy(X-y)dy ( 4 )  
0 
Since  t h e  Symon f l u c t u a t i o n s  of  par t ic le  energy l o s s  are  
presumably known (a  po in t  t o  which more a t t e n t i o n  is d i r e c t e d  i n  
t h e  appendix) i t  remains t o  determine t h e  i n t r i n s i c  t e l e s c o p e  
response  f u n c t i o n  G It is known from independent s t u d i e s  t h a t  
E luc tua t ions  i n  t h e  phototube o u t p u t s  r e l a t e d  t o  pho toe lec t ron  
s t a t i s t i c s  f x m  an important  c o n t t i b u t i o n  t o  t h e  i n t r i n s i c  response  
and s o  one assumes t h a t  Gaussian d i s t r i b u t i o n s  may be used t o  repre-  
s e n t  t h e  d e t e c t o r  f l u c t u a t i o n s  (see Mead and Mart in ,  1965) .  
Y' 
It might appear t h a t  i n  making t h i s  assumption, e f f e c t s  such 
as  nonuniformity of l i g h t  c o l l e c t i o n  and pa th  l eng th  v a r i a t i o n s  f o r  
d i f f e r e n t  p a r t i c l e  t r a j e c t o r i e s  are not  being considered bu t  t h i s  
i s  no t  t h e  case .  The shapes  of t h e  p u l s e  he igh t  d i s t r i b u t i o n s  
r e l a t e d  t o  t h e s e  two e f f e c t s  a r e  s u f f i c i e n t l y  symmetric and w e l l  
behaved s o  t h a t  when convoluted wi th  t y p i c a l  pho toe lec t ron  d i s t r i b u t -  
i o n s  they  g i v e  s l i g h t l y  broader d i s t r i b u t i o n s  which a r e  s t i l l  
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e s s e n t i a l l y  Gaussian i n  shape. Thus t h e  i n t r in s i c  d e t e c t o r  
r e s o l u t i o n  can be  completely r ep resen ted  by a s i n g l e  s imple  
f u n c t i o n  Gy. 
An example of t h e  convolution i n  equa t ion  ( 4 )  i s  shown i n  
F i g u r e  4 .  The energy loss d i s t r i b u t i o n  S ( 3 . 0  BeV,x) i s  t h e  
narrower cu rve .  This  i s  convoluted w i t h  a Gaussian of FWHM = 
20% (G20x) t o  g i v e  t h e  b roade r  response  f u n c t i o n .  
l a r l y  t h a t  t h e  ha l f -wid ths  of G and S do not add e x a c t l y  as t h e  
s q u a r e  r o o t  of  t h e  sum of t h e  squa res ,  and t h a t  t h e  peak of  t h e  
convolu ted  d i s t r i b u t i o n  l i e s  between t h e  p u l s e  h e i g h t s  which 
cor respond t o  t h e  most probable and ave rage  l i g h t  o u t p u t s  which 
are a t  1 . 0  and 1 . 1 2  x minimum r e s p e c t i v e l y .  
Note p a r t i c u -  
The composite response  f u n c t i o n s  can  be  compared w i t h  p u l s e  
h e i g h t  d i s t r i b u t i o n s  measured a t  sea level where mostly minimum 
i o n i z i n g  p a r t i c l e s  are p r e s e n t .  
a p p r o p r i a t e  t o  t h e  i n t r i n s i c  (Gaussian) d i s t r i b u t i o n  f o r  a 
p a r t i c u l a r  d e t e c t o r  c o n f i g u r a t i o n  may be ob ta ined .  A s  can be  
seen  from t h e  example i n  F igure  5 ,  t h e  composite o r  convoluted 
r e sponse  d i s t r i b u t i o n  found i n  t h i s  manner can b e  f i t  q u i t e  w e l l  
I n  t h i s  way t h e  parameters  
t o  t h e  sea level  d i s t r i b u t i o n s  except  a t  l a r g e  energy l o s s e s .  
s m a l l  f l u x  of low energy protons p r e s e n t  a t  sea l e v e l  is  be l i eved  
t o  b e  r e s p o n s i b l e  f o r  t h e  observed d e v i a t i o n s .  
A 
The composite d i s t r i b u t i o n s  R ( E , x )  are then  u t i l i z e d  i n  t h e  
fo l lowing  way. A d i f f e r e n t i a l  number d i s t r i b u t i o n  of p u l s e  h e i g h t s ,  
c a l l  i t  , is  a c t u a l l y  measured i n  a s i n g l e  d e t e c t o r .  However, 
w e  wish t o  o b t a i n  t h e  d i f f e r e n t i a l  energy spectrum of t h e  pa r t i c l e s  
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e n t e r i n g  t h e  d e t e c t o r ,  2 (E) .  These two are no t  s imply r e l a t e d ,  
and t h e  problem becomes one of s o l v i n g  t h e  i n t e g r a l  equa t ion  
a = fm S(E,y) G(x-y) dy dE 
0 
dE dx 0 
The d e s c r i p t i o n  of t h e  methods by which t h e  two dimensional  
p u l s e  he igh t  d i s t r i b u t i o n s  y i e l d  a n  energy spectrum d j  (E)/dE, ie. 
t h e  s o l u t i o n  of equa t ion  (51, is cons idered  i n  d e t a i l  i n  Appendix 
2. S u f f i c e  t o  say  h e r e  t h a t  t he  i n t e g r a l  equat ion  is r ep laced  by 
a f i n i t e  sum, w i t h  each of t h e  t e n  p u l s e  he igh t  i n t e r v a l s  i n t o  
which t h i s  scale is d iv ided  corresponding t o  an energy i n t e r v a l .  
The r e s u l t a n t  system of t en  coupled equat ions  has  t h e  measured 
d i f f e r e n t i a l  p u l s e  he igh t  spectrum as t h e  known q u a n t i t y  and t h e  
d e s i r e d  d i f f e r e n t i a l  energy spectrum as t h e  unknown. This  system 
i s  so lved  by t h e  i t e ra t ive  procedure desc r ibed  i n  t h e  appendix.  
I n  F igu re  6 an  energy spectrum obta ined  d i r e c t l y  from a p u l s e  
he igh t  spectrum i s  compared t o  an energy spectrum ob ta ined  a f t e r  
cons ide r ing  t h e  response  func t ions  and so lv ing  equa t ion (5 ) .  The 
d i f f e r e n c e s  between t h e s e  two s p e c t r a  become important  above about 
200 MeV/nucleon. 
c. ) Energy C a l i b r a t i o n  
L e t  us d i r e c t  our a t t e n t i o n  now t o  t h e  energy c a l i b r a t i o n  
of t h e  d e t e c t o r .  A s  mentioned i n  t h e  above d i s c u s s i o n  t h e  most 
probable  l i g h t  ou tpu t  of a d e t e c t o r  f o r  p a r t i c l e s  of a given  energy 
depends upon r e s o l u t i o n  of t h e  d e t e c t o r  and l ies  between Ep and Eave. 
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I n  view of t h i s  arid because of t h e  non-l inear  r e l a t i o n s h i p  of 
energy l o s s  t o  l i g h t  ou tput  f o r  p l a s t i c  s c i n t i l l a t o r s  i t  i s  
extremely v a l u a b l e  t o  have t h e  energy s c a l e  i n t e r n a l l y  c a l i b r a t e d .  
I n  t h i s  t e l e s c o p e  w e  have t h r e e  energy c a l i b r a t i o n  p o i n t s  f o r  
p r o t o n s  and helium n u c l e i :  (1) t h e  minimum i o n i z i n g  peak, 
( 2 )  t h e  Cerenkov t h r e s h o l d  of  320 MeV/nucleon and (3) t h e  91 
MeVlnucleon p o i n t  def ined  by t h e  range  d e t e c t o r .  These e n e r g i e s  
and t h e  r e l a t i v i s t i c  peaks f o r  charges  through 2 = 10 enable  
us t o  determine t h e  n o n - l i n e a r i t i e s  p r e s e n t  i n  t h e  p l a s t i c  
s c i n t i l l a t o r  as a f u n c t i o n  of  both p a r t i c l e  v e l o c i t y  and cha rge ,  
Expressing t h e  non- l inear i ty  i n  a form t h a t  fo l lows  t h e  work 
.of Bi rks  (1951) t h e  most probable l i g h t  o u t p u t  i s  w r i t t e n  as 
(’ + E where t h e  constant  ki depends upon p a r t i c l e  LP = 1. + k: E; 
charge.  Values of k l  = 0.019 5 0.002 MeV-lfor pro tons  and k l  = 
0.013 - + 0.002 MeV-’for helium n u c l e i  have been d e r i v e d  from t h e  
d a t a .  A s  a r e s u l t  of  t h e  charge dependence of t h e  c o n s t a n t  k l ,  
a pro ton  w i l l  g i v e  s l i g h t l y  less l i g h t  o u t p u t  t h a n  w i l l  a helium 
nucleus  a t  t h e  same valcle of energy l o s s ,  i e .  when 6 = 112 %He. 
Prev ious  work using t h e  r e l a t i v i s t i c  h igher  Z charge peaks t o  
de te rmine  tne n o n - l i n e a r i t y  (Ormes, 1965, and Webber and O r m e s ,  
P 
1967 b)  y i e l d e d  a f i r s t  o r d e r  non- l inear i ty  c o e f f i c i e n t  of kl = 
0.010 - + o.oni  gm c ~ - ~ / M ~ v .  
A s imi la r  charge depenaence of  t h e  n o n - l i n e a r i t y  c o e f f i c i e n t s  
i n  NE 102 p l a s t i c  s c i n t i l l a t o r  has  been examined i n  d e t a i l  by 
Badhwar e t  a l . ,  (1967 a ) .  Their energy range ( 4 0  t o  200 MeV/nucleon) 
is  d i f f e r e n t  from ours  and they  u s e  t h e  d i f f e r e n t i a l  r e l a t i o n s h i p  
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dL S(dE/dx) 
dx l+kB (dE/dx) 
- =  
and o b t a i n  v a l u e s  of kB = 0.0126 2 0.002 gm/(cm2MeV) f o r  
p ro tons  and 0.0072 5 0.001 gm/(cm2MeV) f o r  helium. The v a l u e  
of  kB i n  t h e i r  d i f f e r e n t i a l  express ion  i s  d i r e c t l y  comparable 
t o  k, i n  ou r  i n t e g r a l  express ion  because our  d e t e c t o r  is 1 gm/cm2 
t h i c k .  
helium n u c l e i  a l a r g e r  f r a c t i o n  of t h e  depos i t ed  energy i s  c a r r i e d  
away from t h e  dense i o n i z a t i o n  column ( s a t u r a t i o n  reg ion)  by high 
energy knock-on e l e c t r o n s  ( d e l t a  r a y s ) .  
They e x p l a i n  t h e  charge dependence by say ing  t h a t  f o r  
The requirement  t h a t  t h e  spectra de r ived  s e p a r a t e l y  from 
St and Sm be i d e n t i c a l  assures t h a t  t h e  n o n - l i n e a r i t i e s  have 
been p rope r ly  accounted f o r  and t h a t  no sys t ema t i c  d i s t o r t i o n s  
remain i n  t h e  energy c a l i b r a t i o n .  
d . )  Atmospheric Correc t ions  
Because of t h e  l a r g e  number of f l i g h t s  made a t  v a r i o u s  
l a t i t u d e s ,  a l t i t u d e s  and l e v e l s  of s o l a r  modulat ion,  cons ider -  
a b l e  informat ion  is  a v a i l a b l e  on t h e  atmospheric  secondary and 
r e - e n t r a n t  a lbedo  pro ton  f luxes .  
I n  F i g u r e  7 w e  p re sen t  t h e  r e -en t r an t  a lbedo  spectrum deduced 
from t h e  f l i g h t s  made a t  F a y e t t e v i l l e  and Ely.  
f l i g h t s  were a t  n e a r l y  t h e  same depth (6.6 and 6.0 gm/cm2) t h e  
two s p e c t r a  can be  d i r e c t l y  compared. 
geomagnetic cu t -of f  a t  Ely.  
MeV l i t t l e  s p l a s h  albedo o r i g i n a t i n g  i n  t h e  southern  hemi- 
s p h e r e  i s  t rapped ,  hence t h e r e  is no r e -en t r an t  a lbedo  above 
Since  t h e s e  
Note t h e  e f f e c t  of t h e  
Above t h e  cut-off  energy of 340 
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t h i s  energy. On t h e  o t h e r  hand a t  F a y e t t e v i l l e ,  where t h e  cut-  
o f f  is 2200 M e V ,  t h e  a lbedo  spectrum i s  roughly p r o p o r t i o n a l  t o  
l / E 1 *  ’. Above 600 M e V  i t  becomes a n e g l i g i b l e  c o r r e c t i o n .  
Comparing t h e  r e l a t i v e  i n t e n s i t i e s  of r e - e n t r a n t  a lbedo  
below 250 M e V  a t  Ely and F a y e t t e v i l l e ,  w e  f i nd  t h a t  t h e  r e -en t r an t  
a lbedo  i n t e n s i t y  i s  roughly p r o p o r t i o n a l  t o  t h e  t o t a l  i n t e g r a l  
i n t e n s i t y  of primary p ro tons  above 200 M e V  a t  each l o c a t i o n .  This  
primary pro ton  i n t e n s i t y  a t  F a y e t t e v i l l e  i s  1130 particles/m’-ster-  
s e c  and a t  Ely i s  2710 pa r t i c l e s /m2-s t e r - sec .  
i n t e n s i t i e s  a t  Ely a re  a l s o  a f a c t o r  of 2.4 l a r g e r  t han  a t  Fayet te -  
v i l l e .  
The r e - e n t r a n t  
With t h i s  p r e s c r i p t i o n  i n  mind f o r  t h e  c o r r e c t i o n  t o  o t h e r  
l a t i t u d e s  and l e v e l s  of modulation, t h i s  d a t a  can be compared 
w i t h  t h a t  of o t h e r  workers.  F i r s t  of all, t h e r e  i s  t h e  upper 
l i m i t  a t  0 gmlcrn’ g iven  by Teegarden (1967) a t  Sioux F a l l s .  
t h i s  measurement i s  a d j u s t e d  f o r  t h e  d i f f e r e n c e  i n  i n t e n s i t y  
between 1961, when h i s  f l i g h t  was made, and our i n t e n s i t i e s ,  t h i s  
upper l i m i t  i s  c o n s i s t e n t  w i th  our measurements. The d a t a  of 
Verma, a l s o  a p p r o p r i a t e  t o  0 gm/cm2, a t  P a l e s t i n e ,  Texas (1966) 
a g r e e s  q u i t e  w e l l  w i th  t h e  F a y e t t e v i l l e  d a t a  when t h e  l a t t e r  i s  
e x t r a p o l a t e d  t o  0 gm/cm2. 
l a t i t u d e  of t h e  two measurements is  compensated by t h e  d i f f e r e n c e  
i n  l e v e l  of s o l a r  modulation, t he  f l i g h t s  of Verma being made i n  
1965 a t  a t i m e  nea r  t h e  maximum i n  cosmic r a y  i n t e n s i t y .  
When 
I n  t h i s  c a s e  t h e  d i f f e r e n c e  i n  
Also shown is a measurement by Sawyer et  a l . ,  (1967) obta ined  
w i t h  a n  ins t rument  q u i t e  s i m i l a r  t o  o u r s  which has been on board 
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a POGO s a t e l l i t e .  
a t  a n  L v a l u e  4 (dashed curve F i g u r e  7 )  may b e  compared t o  our  
measurement a t  Ely by pass ing  the  POGO spectrum through 6 gm/cm2 
of  atmosphere ( s o l i d  curve  marked POGO). I n t e n s i t i e s  of t h e s e  
two s p e c t r a  a g r e e  reasonably  wel l .  
The i r  albedo spectrum o u t s i d e  of t h e  atmosphere 
Now l e t  u s  t u r n  our a t t e n t i o n  t o  t h e  secondary p ro tons .  
I n  F i g u r e  8 ,  t h e  secondary proton spectrum ( i n c l u d e s  deu te rons  
and t r i t o n s  as w e l l )  deduced a t  a n  a tmospher ic  dep th ,  of 3 gm/cm2, 
( f l i g h t  C h u r c h i l l  65-2) i s  shown. 
M t .  Washington neu t ron  monitor was w i t h i n  2% of i t s  sunspot  mini- 
mum v a l u e  and t h e  i n t e g r a l  f l u x  of primary p ro tons  above 200 M e V  
was 2850 pa r t i c l e s /m2-s t e r - sec .  
cu t -of f  is  less than  20 MeV so  t h a t  w e  can i g n o r e  r e - e n t r a n t  albedo 
p ro tons .  
Th i s  f l i g h t  was made when t h e  
A t  t h e  l a t i t u d e  of  C h u r c h i l l  t h e  
The secondary pro ton  c o r r e c t i o n  t h a t  has  been a p p l i e d  a t  
o t h e r  l a t i t u d e s  and l e v e l s  of s o l a r  modulation is ob ta ined  as 
fo l lows :  
o f  cosmic r a y s  i n  t h e  ove r ly ing  atmosphere, and a t  dep ths  2 6 gm/cm2 
and above 100 MeV,  t h e  i n t e n s i t y  of s econdar i e s  w i l l  b e  d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  amount of ove r ly ing  atmosphere, ( s e e  Hofmann 
and Winckler,  1967).  The work of Webber and Ormes (1967 a) sugges t s  
t h a t  t h e  e f f i c i e n c y  of primary cosmic r a y s  f o r  producing low 
energy secondary pro tons  is nea r ly  independent of t h e  energy of 
t h e  primary above 200 MeV/nucleon. We t h e r e f o r e  assume t h a t  
t h e  i n t e n s i t y  of secondary protons i s  p r o p o r t i o n a l  t o  t h e  t o t a l  
primary i n t e n s i t y  above 200 MeV/nucleon. 
We assume t h e  secondary p ro tons  are due t o  i n t e r a c t i o n s  
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The secondary p r o t o n  spectrum w e  o b t a i n  a g r e e s  q u i t e  w e l l  
w i t h  t h e  c a l c u l a t i o n s  of  Hofmann and Winckler (1967) when t h e i r  
c a l c u l a t e d  spectrum a t  5 gm/cm2 is  a d j u s t e d  t o  3 grn/cm2 depth .  
Teegarden (1967) has  obta ined  r e s u l t s  a t  a s l i g h t l y  lower 
energy by making a d i r e c t  comparison of s imultaneous measure- 
ments of  t h e  p v t m  spectrum on t h e  IMP sa te l l i t e  and a t  C h u r c h i l l  
us ing  b a l l o o n s .  
Teegarden r e p o r t s  t h a t  he i s  unable  t o  d e t e c t  any v a r i a t i o n s  
o f  t h e  i n t e n s i t y  of atmospheric s e c o n d a r i e s  w i t h  s o l a r  c y c l e  from 
1961 t o  1964 a t  Sioux F a l l s .  We do observe  a s l i g h i  decrease  
(10%) i n  t h e  secondary pro ton  i n t e n s i t y  between 1965 and 1966 
corresponding t o  a 3% decrease i n  neut ron  monitor  i n t e n s i t y .  The 
a b i l i t y  t o  d e t e c t  a change o f  t h i s  magnitude serves t o  emphasize 
t h e  importance of  t h e  l a r g e  geometr ical  f a c t o r  used i n  t h i s  
experiment . 
e . )  Accuracy of t h e  Resul t s  
Before d i s c u s s i n g  t h e  s p e c t r a  of primary pro tons  and helium 
n u c l e i  i t  i s  worthwhile t o  s a y  something about  t h e  accuracy of t h e  
r e s u l t s  from t h i s  experiment.  
It should b e  emphasized t h a t ,  because t h e  h igh  count ing rates, 
s t a t i s t i c s  are a n e g l i g i b l e  source of e r r o r ,  f o r  helium n u c l e i  as 
w e l l  as f o r  pro tons .  This  means t h a t  s y s t e m a t i c  e r r o r s ,  which 
a r e  more d i f f i c u l t  t o  e v a l u a t e ,  are  t h e  dominant source  of u n c e r t a i n t y .  
The fo l lowing  estimates of  t h e s e  e r r o r s  are b e l i e v e d  t o  be  conserv- 
a t  ive . 
A t  l 3 w  e n e r g i e s  (1( 0-400 MeV/nucleon) t h e  accuraev i q  l f m i t e d  
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by u n c e r t a i n t i e s  i n  t h e  knowledge of t h e  c o r r e c t i o n  f o r  a tmospheric  
s econdar i e s  (and a lbedo  a t  lower l a t i t u d e s ) .  The secondary cor r -  
e c t i o n  is t y p i c a l l y  50% of  t h e  t o t a l  p ro ton  i n t e n s i t y  a t  100 MeV 
and dec reases  t o  about  20% a t  200 MeV.  I f  t h i s  c o r r e c t i o n  is 
known t o  - + 10% then  t h e  a b s o l u t e  e r r o r  i n  t h i s  range  may be  
as l a r g e  as 2 5%. 
from one f l i g h t  t o  t h e  n e x t ,  the r e l a t i v e  e r r o r  between f l i g h t s  
i s  much less however, perhaps 2 2-3%. 
Because t h e  c o r r e c t i o n s  are made c o n s i s t e n t l y  
A t  h ighe r  ene rg ie s  (2 400 MeV/nucleon) t h e  u n c e r t a i n t i e s  i n  
bo th  t h e  pro ton  and helium s p e c t r a  are determined by t h e  accuracy 
of t h e  c o r r e c t i o n  f o r  f l u c t u a t i o n s  of par t ic les  from one energy 
i n t e r v a l  t o  t h e  nex t .  S ince  t h i s  c o r r e c t i o n  t o  t h e  d i f f e r e n t i a l  
i n t e r v a l s  is  of o rde r  of 2 20% o r  less (see F igure  6 ) ,  t h e  r e l a t i v e  
i n t e n s i t i e s  deduced f o r  ad jacent  d i f f e r e n t i a l  energy i n t e r v a l s  
are es t imated  t o  be a c c u r a t e  t o  w i t h i n  2 5%. 
of t h e  v a r i o u s  s p e c t r a  r e l a t i v e  t o  one ano the r  is l i m i t e d  by a 
knowledge of t h e  geometr ica l  f a c t o r  of t h e  t e l e s c o p e  and i s  about 
The i n t e g r a l  accuracy 
- + 2%. 
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I V .  SPECTRA OF PRIMARY PROTONS AND HELIUM NUCLEI 
Many of  t h e  r e s u l t s  obtained on t h i s  series of f l i g h t s  
have been p rev ious ly  r e p o r t e d  i n  p re l imina ry  form (see r e f e r e n c e s  
t o  O r m e s  and t o  Webber), b u t  i n  t h i s  work some minor ad jus tments  
and c o r r e c t i o n s  have been made t o  t h e  d a t a .  
and f o r  t h e  sake  of completeness,  a l l  of t h e  d a t a  c o l l e c t e d  on 
p ro tons  and helium n u c l e i w i l l  b e  p re sen ted  he re .  
Because of t h i s ,  
F igu re  9 shows a r eg res s ion  p l o t  of t h e  i n t e g r a l  i n t e n s i t y  
of pro tons  above 450 MeV and the  M t .  Washington neut ron  monitor 
d a i l y  average.  
i n s t rumen t s  confirms t h a t  t h e  i n t e g r a l  accuracy of t h e  instrument  
is  as  a d v e r t i s e d  (It 2%).  
pro ton  i n t e n s i t y  above 450 MeV changed by 16 .1  f, 0.9%, whi le  
t h e  corresponding change i n  neutron monitor  ra te  was 5.9 2 0.3%. 
The r a t i o  of changes is t h u s  2 . 7  2 0.2 f o r  p a r t i c l e s  of mean 
e n e r g i e s  2 BeV and 15 BeV r e s p e c t i v e l y .  The two f l i g h t s  made 
i n  1966 a f t e r  cosmic ray  maximum a l low us  t o  examine t h e  re la t ive 
changes dur ing  per iods  of i nc reas ing  and decreas ing  s o l a r  modulat- 
i on .  There i s  no evidence t o  w i t h i n  2% f o r  any d i f f e r e n t  behavior  
of t h e  modulation b e f o r e  and a f t e r  sunspot  minimum. 
The good t r ack ing  between t h e s e  two types  of  
During t h i s  series of measurements t h e  
F igu re  10  shows a r eg res s ion  p l o t  of  t h e  i n t e n s i t y  of > 2.0 
BeV pro tons  a g a i n s t  t h e  neutron monitor  ra te .  The r a t i o  of modu- 
l a t i o n  of t h e s e  pro tons  of mean energy about  3 BeV t o  t h e  neut ron  
monitor  i s  2 .35  5 0 . 2 .  
t o  check t h e  i n t e g r a l  i n t e n s i t i e s  > 2 BeV deduced from t h e  high 
The f l i g h t  a t  F a y e t t e v i l l e  can be  used 
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l a t i t u d e  f l i g h t s .  
about  3.0 BV (Shea and S m a r t ,  1967) which is equa l  t o  2150 M e V  
f o r  pro tons .  We t h e r e f o r e  expect t h a t  t h e  i n t e n s i t y  measured 
a t  F a y e t t e v i l l e  should l i e  a few % t o  t h e  l e f t  of t h e  r e g r e s s i o n  
l i n e  shown. I n  f a c t  i t  l i e s  4% t o  t h e  l e f t .  
The geomagnetic cu t -of f  a t  F a y e t t e v i l l e  is 
The nex t  two f i g u r e s  show t h e  d i f f e r e n t i a l  p ro ton  s p e c t r a  
c o r r e c t e d  t o  t h e  t o p  of t h e  atmosphere. The e x t r a p o l a t i o n  from 
t h e  ba l loon  depth  t a k e s  p l a c e  i n  two s t e p s .  
are c o r r e c t e d  f o r  t h o s e  protons which have i n t e r a c t e d  i n  t h e  
t e l e s c o p e  (becoming background) o r  i n  t h e  a i r  above us ing  an 
a b s o r p t i o n  mean f r e e  pa th  o f  100 gm/cm2 f o r  a i r  and an  i n t e r a c t i o n  
mean f r e e  pa th  of 75 gm/cm2 i n  p l a s t i c s .  
i n t e r v a l  is c o r r e c t e d  f o r  i o n i z a t i o n  l o s s  i n  t h e  matter above t h e  
t e l e s c o p e  us ing  Sternheimer ' s  (1960) range  energy t a b l e s  f o r  
p ro tons  i n  a i r .  
F i r s t  t h e  i n t e n s i t i e s  
Secondly each energy 
I n  F igu re  11 t h e  s p e c t r a  f o r  Minneapol is ,  Dev i l ' s  Lake and 
Ely are presented .  
c l e a r l y  v i s i b l e .  
t h o s e  t o  b e  expected t h e o r e t i c a l l y  has  been conducted elsewhere 
(Sawyer et a l . ,  1967) .  F igu re  12 g i v e s  t h e  p ro ton  s p e c t r a  f o r  
t h e  f i v e  f l i g h t s  a t  Church i l l  dur ing  t h e  1963-1966 pe r iod .  
Where e r r o r  b a r s  are shown, they are 2 5%. It is p o s s i b l e  t o  
see a p o s i t i v e  c o r r e l a t i o n  of t h e  primary pro ton  i n t e n s i t y  wi th  
t h e  neut ron  monitor  rate corresponding t o  changes as small 
as 1% i n  t h e  l a t t e r .  The maximum i n  t h e  d i f f e r e n t i a l  s p e c t r a  
can a l s o  c l e a r l y  be  seen t o  be c o n t r o l l e d  by t h e  degree of s o l a r  
The e f f e c t s  of t h e  geomagnetic cu t -of f  are 
A comparison of t h e  measured c u t - o f f s  w i th  
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moclulation. 
t h e  pe r iod  of  measurement. 
It changes from 350 M e V  t o  about  500 M e V  du r ing  
The next F igu re ,  13, show;: a r e g r e s s i o n  p l o t  of t h e  i n t e n s i t y  
of helium n u c l e i  > 450 MeV/nucleon a g a i n s t  t h e  neu t ron  monitor 
ra te .  
less t h a n  f o r  p ro tons  of  a corresponding energy. 
t h i s  i n t e g r a l  f l u x  i s  1.8 4 0.2 times t h e  neut ron  monitor change. 
Note t h a t  t h e  modulation of t h e s e  p a r t i c l e s  i s  d e f i n i t e l y  
The change i n  
Combining this w i t h  t h e  proton d a t a  g i v e s  a r a t i o  of change 
of p ro tons  t o  helium n u c l e i  o f  1.5 f o r  p a r t i c l e s  > 450 MeV/nucleon. 
We w i l l  cons ide r  t h e  s i g n i f i c a n c e  of t h i s  r a t i o  l a t e r  a f t e r  w e  
have developed a t h e o r e t i c a l  framework w i t h i n  which t o  d i s c u s s  t h e  
modulation. 
s i m p l e  f u n c t i o n a l  forms f o r  t h e  modulation, 1 / B  (=> AP/AHe rnodulat- 
i o n  = 1 )  and 1 / B R  (=> AP/AHe modulation = 2 ) ,  w i l l  e x p l a i n  t h e  
observed  r e l a t i v e  modulation of p ro tons  and helium n u c l e i  i n  t h i s  
energy range .  
We can say  h e r e  t h a t  n e i t h e r  of t h e  commonly ccns idered  
Next we examine t h e  d i f f e r e n t i a l  spectra of helium n u c l e i  i n  
t h e  energy range  120 MeV/nucleon t o  2 BeV/nucleon cor responding  
t o  t h e  pro ton  d i f f e r e n t i a l  s p e c t r a  presented  above. The helium 
i n t e n s i t i e s  are c o r r e c t e d  t o  the  t o p  of t h e  atmosphere us ing  t h e  
a t t e n u a t i o n  mean f r e e  pa th  53 2 2 gm/cm2 as d e t m n i n e d  d i r e c t l y  
on t h e  a s c e n t  p o r t i o n s  of our f l i g h t s  (Ormes ana Wet e r ,  1965). 
The c o r r e c t i o n  f o r  i o n i z a t i o n  loss is made i n  t h e  sal - manner as 
f o r  p ro tons  (assuming a l l  t h e  p a r t i c l e s  are He4). 
I n  F igu re  1 4  t h e  helium n u c l e i  s p e c t r a  ob ta ined  a t  Minneapolis,  
D e v i l ' s  Lake and Ely are compared w i t h  t h e  spectra from C h u r c h i l l .  
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The e f f e c t s  of t h e  geomagnetic cu t -of f  can a g a i n  b e  s e e n  by 
n o t i c i n g  t h e  break-away from t h e  h igh  l a t i t u d e  spectra. 
The f i v e  helium n u c l e i  s p e c t r a  measured a t  C h u r c h i l l  a r e  
p resen ted  i n  F igu re  15. It is immediately obvious t h a t  t h e s e  
n u c l e i  are undergoing less modulation t h a n  p ro tons  a t  t h e  same 
energy/nucleon ,  i n  accordance  with our  e x p e c t a t i o n s  based on t h e  
i n t e g r a l  measurements j u s t  d i scussed .  
Before t u r n i n g  ou r  a t t e n t i o n  t o  t h e  d e t a i l s  of t h i s  s o l a r  
modula t ion ,  w e  s h a l l  compare t h e  s p e c t r a  j u s t  p re sen ted  wi th  
t h o s e  of o t h e r  workers.  T h i s  is done f i r s t  f o r  p ro tons  i n  
F i g u r e  16. The r e s u l t s  of F r e i e r  and Waddington (1965) which 
cover  an  energy range  comparable t o  our own (but are  n o t  com- 
p a r a b l e  s t a t i s t i c a l l y  and t h e r e f o r e  a r e  n o t  shown) v e r i f y  t h e  
shape of t h e  s p e c t r a  presented  h e r e  q u i t e  w e l l .  
and McDonald (1964),  a l s o  obta ined  some p o i n t s  which are n e i t h e r  
as  e x t e n s i v e  nor as a c c u r a t e  from a b a l l o o n  f l i g h t  i n  1963. 
s e p a r a t e  NASA b a l l o o n  measurement (Teegarden, 1967) a t  lower 
energy w a s  made i n  1963 a t  nea r ly  t h e  same neu t ron  monitor l e v e l  
as our  f l i g h t  and f i t s  smoothly on t o  our  low energy d a t a .  
Balasubrahmanyan 
A 
No C h u r c h i l l  f l i g h t s  were made i n  t h i s  ser ies  dur ing  1964, 
b u t  t h e  1966 f l i g h t s  correspond t o  a neu t ron  monitor ra te  approxi- 
mate ly  half-way between 1963 and 1965. 
t o  t h e  low energy d a t a  of the NASA group, taken  on t h e  IMP 
s a t e l l i t e  i n  e a r l y  1964, (Balasubrahmanyan e t  al., 1967).  The 
s p e c t r a  j o i n  smoothly and q u i t e  reasonably  t o g e t h e r  a t  about  
100  M e V .  
T h i s  d a t a  i s  comparable 
Some b a l l o o n  measurements by t h e  Roches te r  group 
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(Badhwar e t  a l . ,  1967) i n  1966 a l s o  a g r e e  q u i t e  w e l l  w i t h  our  
p ro ton  spectrum i n  t h e  100-200 MeV range.  
I n  1965 our  spectrum matches on q u i t e  n i c e l y  a g a i n  wi th  t h e  
lower energy IMP p ro ton  d a t a  of NASA (Balasubrahmanyan e t  a l . ,  
1967) and a l s o  wi th  t h e  Chicago d a t a  from Fan e t  a l . ,  (1966).  
The pro ton  d a t a  a t  h ighe r  energ ies  from NASA ba l loon  f l i g h t s  i n  
1965 (Balasubrahmanyan e t  a l . ,  1966) f a l l s  between our  1965 and 
1966 s p e c t r a .  
neu t ron  monitor  rate of 2471, t h i s  d a t a  should probably l i e  
above our  h i g h e s t  curve.  A t  energ ies  above 300 M e V  t h e r e  i s  
ve ry  l i t t l e  d a t a  of any type  fo r  comparison and none of compar- 
a b l e  accuracy .  
S ince  t h e i r  f l i g h t  a c t u a l l y  corresponded t o  a 
Turning now t o  t h e  comparison of  t h e  helium n u c l e i  measure- 
ments as p resen ted  i n  F igure  1 7 ,  t h e  c u r r e n t  r e v i s i o n s  t o  our  
1963 d a t a  b r i n g  t h e  d i f f e r e n t i a l  i n t e n s i t i e s  more i n  l i n e  wi th  
t h e  1963 b a l l o o n  r e s u l t s  of Balasubrahmanyan and McDonald (1964). 
They a l s o  a g r e e  wi th  t h e  r e s u l t s  of  F r e i e r  and Waddington (1965).  
However, f o r  1965 our  helium i n t e n s i t i e s  f a l l  s l i g h t l y  
below t h o s e  of  Balasubrahmanyan e t  a l . ,  (1966),  (our  p ro ton  
i n t e n s i t i e s  are above t h e i r s  for  t h e  same day) .  
Both i n  1963 and 1965 t h e  l o w  energy end of our  helium spec t -  
rum f a l l s  s l i g h t l y  below a smooth connec t ion  t o  t h e  low energy 
s a t e l l i t e  d a t a  of NASA (Balasubrahmanyan e t  a l . ,  1967) and 
Chicago (Fan e t  a l . ,  1967, no t  shown i n  f i g u r e ) .  This  may b e  
r e l a t e d  t o  t h e  s l i g h t l y  lower neutron monitor  rates a p p l i c a b l e  
f o r  our  f l i g h t s  o r  i t  may i n d i c a t e  problems a s s o c i a t e d  wi th  
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determining  an i n t e n s i t y  a t  the l i m i t s  of e i t h e r  o r  both of t h e  
b a l l o o n  and s a t e l l i t e  energy ranges.  The 1966 d a t a  of t h e  
Rochester  group (Badhwar e t  a l . ,  1967 b) a g r e e s  q u i t e  w e l l  
w i th  ou r  1966 s p e c t r a  except  f o r  t h e i r  p o i n t  a t  200 MeV/nucleon 
which appea r s  t o  be  h igh .  This is  a g a i n  nea r  t h e  upper energy 
l i m i t  of t h e i r  dE/dx by E system. 
To conclude t h e  p re sen ta t ion  of t h e  s p e c t r a  of p ro tons  
and hel ium n u c l e i ,  t h e  mean d i f f e r e n t i a l  i n t e n s i t i e s  f o r  
t h e  cosmic r ay  maximum y e a r ,  1965, are p resen ted  i n  Table  2.  
These measurements were made when t h e  neut ron  monitor count ing 
rate w a s  w i t h i n  2% of i t s  maximum v a l u e .  
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V. SOLAR MODULATION THEORY 
L e t  us t u r n  our  a t t e n t i o n  now t o  t h e  modulation of t h e  
cosmic r a y s  i n  t h e  s o l a r  environment. 
l i s h i n g  
t h e  s o l a r  modulation can b e  examined. 
We s h a l l  s t a r t  by es tab-  
a t h e o r e t i c a l  framework w i t h i n  which our  d a t a  on 
The dominating i n f l u e n c e  i n  t h e ' i n t e r p l a n e t a r y  medium is  
t h e  s o l a r  wind, t h a t  plasma which is  flowing r a d i a l l y  outward 
from t h e  s o l a r  corona a t  v e l o c i t i e s  exceeding t h e  Alfven v e l o c i t y ,  
Frozen i n t o  t h i s  plasma is  t h e  s o l a r  magnetic f i e l d .  Due t o  t h e  
combined e f f e c t s  of t h e  r o t a t i o n  of t h e  sun  (27 day per iod)  and 
t h e  outward f low of plasma, t h e  magnetic f i e l d  i n  t h e  e c l i p t i c  
p l a n e  assumes, on t h e  average,  t h e  form of a n  Archemedian s p i r a l  
w i t h  f i e l d  components i n  p o l a r  coord ina tes  o f :  
Br = Bo ( r o )  ( r O / r l 2 ,  B$ = - R r B r / V  
Here B o ( r o )  i s  t h e  f i e l d  a t  t h e  r e f e r e n c e  p o i n t  r o ,  R i s  t h e  
a n g u l a r  v e l o c i t y  of t h e  sun and V i s  t h e  s o l a r  wind v e l o c i t y .  
A s  e a r l y  as 1956 Parker  (1956) a n t i c i p a t e d  our  p r e s e n t  knowledge 
and l i n k e d  t h e  modulation of cosmic r a y s  t o  t h e  sweeping o u t  
e f f e c t  r e s u l t i n g  from the s c a t t e r i n g  of cosmic r a y s  from magnetic 
i r r e g u l a r i t i e s  superimposed on t h i s  average f i e l d .  
I n  P a r k e r ' s  p i c t u r e  t h e  dominant process  i s  one i n  which 
t h e  p a r t i c l e s  are convected out of t h e  s o l a r  system by t h e  
" f r i c t i o n a l  drag" r e s u l t i n g  from t h e i r  c o l l i s i o n s  w i t h  t h e  
magnetic s c a t t e r i n g  c e n t e r s  flowing outward i n  t h e  s o l a r  wind. 
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This  p rocess  competes w i t h  a d i f f u s i o n  of cosmic r a y s  through 
t h i s  r e g i o n  of s c a t t e r i n g  centers .  
t h i s  s imple  diffusion-convect ion p i c t u r e  i s  r ep resen ted  by t h e  
fo l lowing  equat ion .  
Under s t eady  s t a t e  cond i t ions  
A 
V i s  t h e  t r a n s p o r t  v e l o c i t y  of t h e  magnetic i r r e g u l a r i t i e s  
( t h e  s o l a r  wind v e l o c i t y ) ,  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t ,  
n i s  t h e  p a r t i c l e  d e n s i t y ,  and R i s  t h e  r i g i d i t y .  
Many a u t h o r s  (Skadron, 1967 and Axford, 1965) have a t tempted  
t o  i n c l u d e  t h e  e f f e c t s  of energy loss i n  t h e i r  t rea tment  of t h e  
modulat ion problem. E f f e c t s  such as a d i a b a t i c  d e c e l e r a t i o n ,  
i n v e r s e  Fermi d e c e l e r a t i o n  and p o s s i b l e  d e c e l e r a t i o n  e f f e c t s  
due t o  e l e c t r i c  p o l a r i z a t i o n  (V x B) f i e l d s  w i l l  no t  be cons idered  
i n  t h i s  d i s c u s s i o n .  
A J  
L e t  us  cons ide r  equat fon  (7) .The  p a r t i c l e  d e n s i t y  n i s  
dependent upon h e l i o c e n t r i c  r ad ius ,  r ,  and upon p a r t i c l e  energy 
and charge.  The d i f f u s i o n  c o e f f i c i e n t  is g iven  by: 
Here A,  t h e  mean d i s t a n c e  i n  which a p a r t i c l e  t r a v e l i n g  wi th  
v e l o c i t y  v l o s e s  a l l  memory of i t s  o r i g i n a l  d i r e c t i o n ,  is  known 
as t h e  s c a t t e r i n g  mean f r e e  path. I n  g e n e r a l  X is a t enso r  which 
may b e  r ep resen ted  by a component paral le l ,  Alland a component 
pe rpend icu la r ,  A&, t o  t h e  l o c a l  magnetic f i e l d .  
p a t h  (and hence D) depends on r and a l s o  on t h e  r i g i d i t y  R of 
t h e  p a r t i c l e .  
-+ 
This  mean f r e e  
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Since  d i f f u s i o n  a long  the f i e l d  i s  s o  much easier t h a n  
d i f f u s i o n  a c r o s s  f i e l d  we may  assume t h a t  one dimensional 
d i f f u s i o n  a long  t h e  f i e l d  l ines  dominates,  as sugges ted  by 
J o k i p i i  (1966) and L i e t t i  and Quenby (1967). Equation ( 7 )  
can then  be  s i m p l i f i e d  and i n t e g r a t e d  t o  g i v e  
where r b  is t h e  r a d i u s  of the  boundary of t h e  modulating r e g i o n  
o r  more p r o p e r l y  t h e  a r c l e n g t h  a long  t h e  Archimedean s p i r a l  of 
t h e  average  s o l a r  magnetic f i e l d .  
I n  o r d e r  t o  s o l v e  t h e  modulation problem, t h e  dependence 
of A on t h e  s p a t i a l  coord ina te  r and on r i g i d i t y  R must be  d e t e r -  
mined. L e t  us assume t h a t  t h i s  dependence on r and R is s e p a r a b l e  
and t u r n  our a t t e n t i o n  t o  t h e  r i g i d i t y  term. Dorman (1963) f i r s t  
recognized t h a t  a p a r t i c l e  would b e  s c a t t e r e d  q u i t e  d i f f e r e n t l y  
by magnetic inhomogeneities of d i f f e r e n t  wavelengths. This  i d e a  
has  r e c e n t l y  been expanded upon by bo th  Roelof (1966, i n  conjunct -  
i on  w i t h  s o l a r  p a r t i c l e s )  and J o k i p i i  (1966). They cons idered  
a whole spectrum of i r r e g u l a r i t y  s i z e s  (wavelengths),  and us ing  
s t a t i s t i c a l  t echniques  found t h a t  t h o s e  comparable i n  s i z e  t o  
t h e  Larmor r a d i u s  of t h e  p a r t i c l e  i n  t h e  average  f i e l d  were t h e  
most e f f e c t i v e  f o r  producing l a r g e  a n g l e  s c a t t e r i n g .  
I n  t h i s  fo rmula t ion  of t h e  problem t h e  dependence of A11 on 
r i g i d i t y  is determined t o  b e  
where M(K) is  t h e  power spectrum ( i n  wave numbers, K) of magnetic 
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i r r e g u l a r i t i e s .  The power spectrum can b e  w r i t t e n  
M(K) Q l/Ky 
Replacing t h e  r a d i u s  of cu rva tu re  by t h e  cor responding  r i g i d i t y  
and combining equa t ions  (10) and (11) w e  o b t a i n :  
(12) 
2 Y  A i l  a R /R 
The power spectrum of t h e  magnetic f i e l d  i r r e g u l a r i t i e s  has  
r e c e n t l y  been measured by Coleman (1966) and Ness e t  a l . ,  
(1966 a , b ) .  
1 . 0  f o r  i r r e g u l a r i t y  wavelengths between 0.002 AU. and 0.06 AU., 
p o s s i b l y  s t eepen ing  a t  smaller wavelengths. This cor responds  
t o  r i g i d i t i e s  from 0.3 t o  10 BV i n  t h e  average  i n t e r p l a n e t a r y  
f i e l d  of 5 x gauss nea r  1 AU. The important f e a t u r e  t o  
b e  s t r e s s e d  h e r e  i s  t h a t  w h i l e  t h e  measured power s p e c t r a  have 
been ob ta ined  n e a r  t h e  e a r t h ,  t h e  cosmic r a y s  are  c e r t a i n l y  
modulated over  a much l a r g e r  region. It i s  by no means c e r t a i n  
tha t  t h e  exponent of t h e  power spectrum w i l l  remain c o n s t a n t  
over  t h i s  r eg ion ,  t h e  r a d i u s  of which may be anywhere from 
5 t o  50 AU. If t h e  above t h e o r e t i c a l  p i c t u r e  i s  c o r r e c t ,  how- 
ever, w e  can use  an  a c c u r a t e  measurement of t h e  r i g i d i t y  depend- 
ence  of t h e  modulation of cosmic r a y s  t o  de te rmine  t h e  ave rage  
power spectrum of magnetic inhomogenieties over t h e  whole modulat- 
i n g  r eg ion .  
The exponent Y of t h i s  spectrum appea r s  t o  b e  
The power conta ined  i n  the  magnetic i r r e g u l a r i t i e s  q u i t e  
probably  depends upon r -  T h i s  coupled w i t h  t h e  unknown 
r a d i a l  dependence of y makes the t h e o r e t i c a l  s i t u a t i o n  wi th  
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i s  perhaps "in agreement" w i t h  t h e  experimental  s i t u a t i o n  
s i n c e  t h e r e  appears  t o  b e  a wide d ivergence  of experimental  
r e s u l t s  ( a s  po in ted  o u t  by O'Gallagher and Simpson, 1967).  
The problem of t h e  i n t e r p l a n e t a r y  cosmic r a y  g r a d i e n t  
i s  c r u c i a l  i n  "demodulatinp:" the cosmic r a y  spectrum t o  d e t e r -  
mine n( rb ,R) ,  t h e  d e n s i t y  o u t s i d e  of t h e  s o l a r  system. Recent 
a t t e m p t s  (Durgaprasad e t  a l . ,  1967) i n  t h i s  d i r e c t i o n  have m e t  
w i t h  somewhat l i m i t e d  success .  We s h a l l  n o t  d e a l  wi th  t h i s  
problem h e r e .  
dependence of  t h e  modulation as measured a t  t h e  e a r t h .  
Our p r i n c i p a l  concern w i l l  b e  w i t h  t h e  r i g i d i t y  
I n s e r t i n g  t h e  mean f r e e  path from equat ion  (12) i n t o  equat ion  
(9)  one o b t a i n s :  
A(r)  i n c l u d e s  t h e  p r o p o r t i o n a l i t y  c o n s t a n t s  and t h e  i n t e g r a l  
i n v o l v i n g  t h e  r a d i a l  dependence which was w r i t t e n  ou t  s p e c i f i c a l l y  
i n  e q u a t i o n  ( 9 ) .  Here V and A a r e  c e r t a i n l y  t i m e  dependent,  and 
y may a l s o  depend upon time. 
The measurements t o  be considered h e r e  have been made a t  
Rewri t ing t h e  above equat ion  r = re, b u t  a t  d i f f e r e n t  times. 
combining t h e  time dependence and t h e  c o n s t a n t  f a c t o r s  i n t o  t h e  
s i n g l e  t e r m  n ( t )  we g e t  
Experimental ly  w e  compare t h e  d i f f e r e n t i a l  spectrum dj /dE a t  
two times. Assuming t h a t  t h e  cosmic r a y  i n t e n s i t y  i s  i s o t r o p i c  
and t a k i n g  logar i thms of bo th  s i d e s  w e  o b t a i n  
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where t h e  q u a n t i t y  on the l e f t  is d i r e c t l y  measured, 
T h i s  expres s ion  f o r  t h e  f u n c t i o n a l  form of t h e  modulation 
i s  p a r t i c u l a r l y  appea l ing  t o  t h e  e x p e r i m e n t a l i s t  because of i t s  
s i m p l i c i t y .  
i t i es  i s  conta ined  i n  the s i n g l e  parameter y which can be  examined 
as a f u n c t i o n  of t i m e  and r i g i d i t y .  
A l l  of t h e  information about t h e  s c a t t e r i n g  i r r e g u l a r -  
Equation (15) convenient ly  separates i n t o  a v e l o c i t y  dependent 
term on t h e  l e f t  and a r i g i d i t y  dependent t e r m  on t h e  r i g h t .  I f  
t h e  expe r imen ta l ly  determined l e f t  hand s i d e  of equa t ion  (15) is  
p l o t t e d  as a f u n c t i o n  of r i g i d i t y ,  p ro tons  and helium n u c l e i  
should  look t h e  same independent of t h e  v a l u e  of t h e  exponent y .  
Furthermore i f  t h e  modulation is independent of r i g i d i t y ,  t h e  
d a t a  should f a l l  on a s t r a i g h t  l i n e  w i t h  ze ro  s l o p e .  
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V I .  MEASUREMENTS OF THE MODULATION 
W e  s h a l l  now proceed t o  our d i r e c t  measurements of t h e  
modulation and a t t empt  t o  combine t h e s e  r e s u l t s  w i t h  t h o s e  of 
o t h e r  workers t o  o b t a i n  a n  o v e r a l l  look  a t  t h e  r i g i d i t y  depend- 
ence of t h e  modulation p rocess .  
should b e  i n j e c t e d ,  however. While our i n t e n t i o n  h a s  been t o  
s tudy  t h e  long t e r m  (11 y e a r )  modulation of cosmic r a y s ,  it i s  
p o s s i b l e  t h a t  t h e  s h o r t  term modulations,  which are inc luded  
i n  our  measurements, may be s i g n i f i c a n t .  It i s  n o t  c e r t a i n  t h a t  
bo th  t h e  long  term and s h o r t e r  t e r m  modulations have t h e  same 
f u n c t i o n a l  form, a l though  no good evidence has  been found t o  
t h e  c o n t r a r y .  
of a s i n g l e  phenomenon on ly ,  and n o t  a s u p e r p o s i t i o n  of s e v e r a l  
d i f f e r e n t  ones.  
The fo l lowing  word of  c a u t i o n  
The assumption w i l l  b e  made t h a t  t h i s  s tudy  is 
I n  F i g u r e  18 t h e  d a t a  on the modulation of p ro tons  and 
helium n u c l e i  as measured by our t e l e s c o p e  i s  p resen ted .  On 
t h e  o r d i n a t e  i s  p l o t t e d  
dJ/dE (1965, E 
In (dJ /dE  (63  or  6 6 , ) E )  
and on t h e  a b s c i s s a  is  p l o t t e d  t h e  r i g i d i t y  of t h e  p a r t f c l e .  
s l o p e  de r ived  from t h i s  f i g u r e  l e a d s  d i r e c t l y  t o  a de te rmina t ion  
of t h e  exponent a = 2-y and hence t o  y i t s e l f .  
h a s  been sugges ted  by J o k i p i i  (1967) .  
The 
T h i s  t y p e  of p l o t  
I n  t h i s  f i g u r e  ou r  d a t a  i s  compared wi th  t h e  change i n  t h e  
M t .  Washington neu t ron  monitor ra te  which i s  shown p l o t t e d  a t  
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a n  " e f f e c t i v e "  r i g i d i t y  15-18 BV. 
mean response  of t h e  M t .  Washington monitor  t o  a 1 / B R  modulat ion 
a t  sunspot  minimum f o r  a =. .5, c a l c u l a t e d  u s i n g  t h e  y i e l d  func t -  
i o n s  r e c e n t l y  p re sen ted  (Lockwood and Webber, 1967) .  At per iods  
of g r e a t e r  modulat ion,  t h e  cosmic r a y  spectrum becomes ha rde r  
( r e l a t i v e l y  more high energy p a r t i c l e s )  r a i s i n g  t h i s  mean response  
r i g i d i t y  somewhat. However, t h e  exponent appears  t o  i n c r e a s e  
s l i g h t l y  which tends  t o  lower t h e  mean response  r i g i d i t y ,  and 
so w e  p l o t  t h e  neut ron  monitor d a t a  a t  a r i g i d i t y  of 15-18 BV 
f o r  a l l  modulation epochs.  
T h i s  i s  t h e  r i g i d i t y  of t h e  
a 
The exponent i n  t h e  r i g i d i t y  dependence i s  0.55 and 0.6 
f o r  ou r  measurements i n  1966 and 1963 r e s p e c t i v e l y .  This  s u g g e s t s  
t h a t  t h e  e f f e c t i v e  exponent i n  t h e  spectrum of magnet ic  i r r e g u l a r i t -  
ies  is  1.45 near sunspot  minimum perhaps dec reas ing  s l i g h t l y  wi th  
i n c r e a s i n g  s o l a r  modulation. While t h i s  d i f f e r e n c e  between t h e  
exponents  i n  t h e  two yea r s  is  ha rd ly  s i g n i f i c a n t ,  w e  can d e f i n i t e l y  
say  t h a t  i n  t h i s  energy range ,  t h e  modulat ion we measure is n e i t h e r  
s imply of t h e  form 1 / B  nor t h e  form 1 / B R  b u t  l i e s  almsot h a l f  way 
between. 
R e c a l l  our  e a r l i e r  observa t ion  t h a t  t h e  i n t e g r a l  i n t e n s i t y  
of p ro tons  above 450 MeV/nucleon had changed by 1 . 5  times as much 
as t h e  i n t e g r a l  i n t e n s i t y  of helium n u c l e i  a t  t h e  same energy. 
W e  f i n d  t h a t  t h i s  obse rva t ion  is q u i t e  compatible  wi th  an  exponent 
a between 0 and 1. I f  t h e  exponent were 0 ( t h e  form of the  modu- 
l a t i o n  was 1/8) t hen  a t  t h e  same energy/nucleon t h e  pro tons  and 
a l p h a s  would have t h e  same modulation. I f  t h e  exponent were 1 
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and t h e  modulation form w a s  1 /BR then  a t  t h e  same energy/  
nucleon t h e  p ro tons  would bemodula ted  twice as much as 
helium. 
exponent .5.  
The measured modulation r a t i o  of 1 . 5  impl i e s  an  
While ou r  conc lus ions  on t h e  f u n c t i o n a l  form of t h e  
modulation are somewhat d i f f e r e n t  from t h o s e  drawn p rev ious ly  
by o t h e r  workers ,  t hey  are not i n c o n s i s t e n t .  Th i s  i s  because  
most workers have n o t ,  i n  f a c t ,  been a b l e  t o  d i s c r i m i n a t e  
between a 1 / B  and 1 /BR dependence (eg.  see S i l b e r b e r g ,  1966 o r  
Badhwar et  a l .  , 1967) .  
I n  an a t t empt  t o  extend t h i s  d a t a  over  a g r e a t e r  energy 
range  and over  a larger  p a r t  of t h e  s o l a r  c y c l e ,  w e  have taken  
t h e  compi la t ion  of d a t a  i n  the r e c e n t  review of Webber (1967) 
and converted it t o  t h e  type  of p l o t  on which t h i s  d a t a  has  been 
p resen ted .  This  i s  shown i n  F igu re  19.  All modulat ions are 
measured wi th  r e s p e c t  t o  our  1965 d a t a .  
The f i r s t  f e a t u r e  we wish t o  p o i n t  o u t  i s  t h a t  all t h e  
p r e  1963 d a t a  a t  t h e  lowest  ene rg ie s  is c o n s i s t e n t  w i th  a 
pu re ly  v e l o c i t y  dependent modulation. 
modulation a t  r i g i d i t i e s  t o  which t h e  neu t ron  monitor is  
s e n s i t i v e  i s  c l e a r l y  much less  t han  a t  lower e n e r g i e s ,  t h e r e  
must  b e  Some t r a n s i t i o n  a t  which a r i g i d i t y  dependence e n t e r s  
t h e  modulat ion.  This  i s  shown as a sha rp  break  i n  t h e  cu rves  
connect ing t h e  h igh  and low r i g i d i t y  r e g i o n s .  The modulat ion 
a t  h ighe r  r i g i d i t i e s  i s  represented  by connec t ing  t h e s e  b reak  
p o i n t s  t o  t h e  neut ron  monitor v a l u e s  wi th  s t r a i g h t  l i n e s .  
Because t h e  amount of 
56 
2.0 
I .o 
0.8 
0.6 
0.4 
c - 
0.1 
6 
0.08 
0.06 
0.04 
0.03 
0.02 
\ - - - - - 
- 
- 
- 
- -4- : 0 0 
E 
- - - - - - 
MINIMUM 0 0 THIS MTA - PROTWS r OB THE3 DATA-IELW (ALL Ho' 1 
.  BOTHER DATA-HELUIY - @ OTHER MTA- """) FROM WEN R (IeS?) 
1 1 1  I I I I I I 1  1 1 1 1 1 1 1 1  1 
0.2 4 3  a4 0.6 0.8 1.0 1.5 2 0  5.0 4.0 6.0 BL) 10.0 15.0 
RlOlOlTY (BV b 
Figure  1 9  
57 
A t  r i g i d i t i e s  above t h i s  break t h e  r e s u l t s  f o r  t h e  fou r  
d i f f e r e n t  epochs of modulat ion give v a l u e s  of y which dec rease  
w i t h  i n c r e a s i n g  s o l a r  a c t i v i t y .  Th i s  imp l i e s  t h a t  t h e  power 
spectrum of magnet ic  inhomogenity s i z e s  i s  g e t t i n g  f l a t t e r  
w i t h  dec reas ing  s o l a r  a c t i v i t y ,  i e .  t h e  longe r  wavelengths are  
i n c r e a s i n g  i n  importance r e l a t i v e  t o  t h e  s h o r t e r  ones.  It must 
b e  emphasized t h a t ,  i f  t h i s  p i c t u r e  is  c o r r e c t ,  y r e p r e s e n t s  
t h e  mean exponent of t h e  spec t rum of magnet ic  i r r e g u l a r i t y  
wavelengths  seen  by t h e  cosmic r a y s  over  t h e  whole modulating 
r e g i o n .  S ince  t h e  measurements nea r  t h e  e a r t h ' s  o r b i t  (Coleman, 
1966, and Ness e t  a l . ,  1966 a,b) i n d i c a t e  exponents  n e a r e r  1, w e  
sugges t  t h a t  t h e  power spectrum of t h e  magnet ic  i r r e g u l a r i t i e s  
might  b e  modif ied i n  shape becoming s t e e p e r  as  one moves away from 
t h e  sun.  
Consider now t h e  ques t ion  of a s imple  v e l o c i t y  dependent 
modulat ion a t  low e n e r g i e s  as evidenced by t h e  d a t a  i n  F igure  19 .  
The most r e l i a b l e  d a t a  which p resen t s  c l e a r  ev idence  f o r  a f l a t  
p o r t i o n  i n  t h e s e  curves  i s  t h e  low energy pro ton  d a t a  below 
0.6 BV from t h e  NASA group taken a t  t i m e s  nea r  sunspot  minimum. 
However a t  t h i s  same t i m e ,  t h e  helium d a t a  a t  t h e  same v e l o c i t y  
s t i l l  shows r i g i d i t y  dependent modulat ion.  This  d a t a  i s  taken  
w i t h  t h e  same s a t e l l i t e  borne d e t e c t o r .  Hence a t  t h e  same 
r i g i d i t y  (when R 
than  pro tons .  
be ing  modulated t w i c e  as much a s  helium a t  t h e  same r i g i d i t y .  
A similar  f e a t u r e  w a s  noted by Webber (1967) i n  h i s  r ecen t  review. 
0.7 BV) helium appea r s  t o  b e  modulated more 
However i n  1959, a t  low e n e r g i e s  pro tons  were 
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In  t h i s  p l o t ,  a changeover from a 1 / B R  
1 / B  dependence i s  r e f l e c t e d  i n  a f l a t t e n i n g  of t h e  cu rves  shown 
i n  F igu re  19.  For p ro tons ,  t he  r i g i d i t y  (o r  v e l o c i t y )  a t  which 
the changeover (break) from 1 / B  -+ 1 / B R  occur s  appea r s  t o  depend 
on t h e  l eve l  of s o l a r  modulation, i n c r e a s i n g  from about  0.5 BV 
t o  about  1 BV w i t h  i n c r e a s i n g  s o l a r  modulation. 
p o i n t  f o r  helium n u c l e i  however h a s  inc reased  from 0.5 BV t o  
2 .  BV d u r i n g  t h e  same p e r i o d ,  o r  tw ice  as much change as f o r  
dependence t o  a 
a 
The changeover 
p ro tons .  T h i s  i s  one way of d e s c r i b i n g  t h e  p e c u l i a r  p ro ton  
t o  helium modulation d i s c u s s e d  i n  t h e  p rev ious  paragraph .  
This  behavior  of t h e  r e l a t i v e  modulation of p ro tons  and 
helium n u c l e i  i s  ve ry  d i f f i c u l t  to unders tand .  It appea r s  t o  
have no s imple  exp lana t ion  wi th in  t h e  framework of t h e  model 
w e  have been d i s c u s s i n g .  I f  t h e  changeover were t o  b e  i n t e r p r e t e d  
as an ab rup t  change i n  t h e  power spectrum of magnetic inhomogeneit- 
ies i t  should  occur  a t  t h e  same r i g i d i t y  f o r  p ro tons  and helium 
n u c l e i  a t  a l l  times i n  t h e  s o l a r  c y c l e ,  even i f  t h a t  r i g i d i t y  i t s e l f  
were t o  change. 
t h e  o t h e r  hand if t h e  changeover i n  t h e  form of t h e  modulation were 
due  t o  t h e  i n c r e a s e d  importance of energy dependent p r o c e s s e s ,  t h e  
changeover r i g i d i t i e s  should d i f f e r  by a f a c t o r  of 2 throughout 
t h e  s o l a r  c y c l e .  
T h i s  c l e a r l y  does no t  appear t o  b e  happening. On 
This  does n o t  appear t o  be  happening e i t h e r .  
The d a t a  w e  have p resen ted  and summarized g i v e s  s t r o n g  
ev idence  of changes 
t h a t  cannot be  r ep resen ted  i n  a s imple  manner. 
minimum h a s  s u f f i c i e n t  d a t a  been a v a i l a b l e  t o  expe r imen ta l ly  
i n  t h e  r i g i d i t y  dependence of t h e  modulation 
Only nea r  sunspot  
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d e f i n e  t h e  f u n c t i o n a l  form of t h e  modulation. 
t h a t  t h e  equipment desc r ibed  i n  t h i s  paper can b e  flown 
p e r i o d i c a l l y  throughout t h e  remainder of t h e  c u r r e n t  c y c l e ,  
f o r  i t  appea r s  t h a t  i t  is  i n  t h e  r ange  of t h e  g r e a t e s t  s e n s i t -  
i v i t y  of t h i s  i n s t rumen t ,  from 0.4 BV t o  4 BV r i g i d i t y ,  t h a t  
impor tan t  an4 n o t  w e l l  understood ( o r  de f ined )  changes i n  
t h e  f u n c t i o n a l  form of t h e  modulation occur .  
It i s  hoped 
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APPENDIX 1 
TELESCOPE RESPONSE CHARACTERISTICS 
a . )  Ca lcu la t ed  Response Curves 
The t h r e e  dimensional  n a t u r e  of t h e  response  of t h e  t e l e s c o p e  
is  expressed i n  F igu re  2 of the main t e x t  as St v s  S + C,  and i n  
F igu res  A-1 and A-2 which show Sm vs S + C and St v s  Sm r e s p e c t i v e l y .  
The two modes of t h e  t e l e scope  St vs  S + C and Sm v s  S + C 
a re  e s s e n t i a l l y  similar. 
St vs S + C mode has  0.7 gm/cm2 of absorber  between t h e  two 
d e t e c t i o n  elements  wh i l e  t h e r e  is  no abso rbe r  between t h e  two 
elements i n  t h e  Sm v s  S + C mode. 
b e  seen  i n  t h e  response  t o  t h e  l o w  energy pro tons .  
The p r i n c i p l e  d i f f e r e n c e  i s  t h a t  t h e  
The e f f e c t  of t h i s  matter can 
Another f e a t u r e  of t h e  two s c i n t i l l a t o r  vs S -I- C modes i s  
t h a t  t hey  are e f f e c t i v e l y  beneath d i f f e r e n t  amounts of "atmosphere" 
because t h e  Sm vs S + C mode looks through t h e  St  e lement ,  whereas 
t h e  St vs S + C mode looks  only a t  t h e  ove r ly ing  atmosphere. This  
means t h e  low energy secondary p ro tons  genera ted  above t h e  t e l e s c o p e  
can  b e  examined a t  two s e p a r a t e  dep ths .  
The two modes a l s o  have d i f f e r e n t  background p r o p e r t i e s  
a r i s i n g  from t h e  d i f f e r e n c e  i n  matter between d e t e c t o r s .  
which i n t e r a c t  i n  St produce products  which are absorbed i n  S 
t h e  n e t  r e s u l t  be ing  a small p u l s e  i n  t h e  S + C element.  
when an  i n t e r a c t i o n  t a k e s  p lace  i n  Sm t h e r e  i s  less abso rp t ion  of 
t h e  p roduc t s  b e f o r e  they reach  t h e  S + C element .  
P a r t i c l e s  
m '  
However, 
The r e s u l t  is  
6 1  
v s  S + C d i s t r i b u t i o n s ,  t h e  background tends  t o  t h a t  i n  t h e  S 
b e  concen t r a t ed  a t  low v a l u e s  of S + C w h i l e  i n  t h e  S v s  S + C 
d i s t r i b u t i o n s  t h e  background is  d i s t r i b u t e d  more uniformly over  
a l l  v a l u e s  of S + C. 
t 
m 
The most obvious advantage of having two i o n i z a t i o n  loss 
measurements is t h a t  they  can be d i r e c t l y  compared f o r  c o n s i s t -  
ency. 
sugges ted  i n  t h e  response  curve  f o r  t h e  t h i r d  mode of t h e  te le-  
scope ,  St vs Sm shown i n  F igu re  A-2. 
which can p e n e t r a t e  S l i e s  c l o s e  t o  t h e  d i agona l .  Two methods 
of  r e q u i r i n g  cons i s t ency  a r e  as fo l lows:  
The method of s e l e c t i n g  t h e  cons i s t ency  requi rements  i s  
The response  f o r  a l l  p a r t i c l e s  
m 
ISt - sml < k, (A-2) 
E i t h e r  o r  bo th  requirements  may be  u t i l i z e d  wi th  v a r i o u s  c o n s t a n t s ,  
The p e n e t r a t i o n  counter  has two v a l u a b l e  f e a t u r e s .  It re- 
moves from t h e  d i s t r i b u t i o n  a l a r g e  f l u x  of  e l e c t r o n s  which are  
incapab le  of p e n e t r a t i n g  more than 10 gm/cm2 bu t  which o therwise  
l o o k  j u s t  l i k e  minimum i o n i z i n g  pro tons .  Secondly,  i t  removes 
the ambigui ty  which occurs  when t h e  low energy p ro ton  response  
c r o s s e s  t h e  helium response .  T h i s  is  p a r t i c u l a r l y  necessary  i n  
t h e  S v s  S + C mode as can  b e  seen i n  F igu re  A-1. 
b .) Sample P u l s e  Height  D i s t r i b u t i o n s  
m 
The f e a t u r e s  of t h e  d i f f e r e n t  modes of response  of t h i s  
t e l e s c o p e  which have been descr ibed above a re  demonstrated i n  
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F i g u r e s  A-3 through A - l l . *  
F igu re  A-3 shows t h e  r e l a t i v i s t i c  p r o t o n  and helium peaks on 
a n  exponen t i a l  a lphamer ic  St vs S + C y  P d i s t r i b u t i o n .  
of 2 r e d u c t i o n  i n  r e s o l u t i o n  over the maximum a t t a i n a b l e  h a s  
been made, and hence t h i s  i s  c a l l e d  a 2 : l  d i s t r i b u t i o n .  The 
r e l a t i v i s t i c  p ro ton  peak i s  seen  a t  22 by 15 and t h e  r e l a t i v i s t i c  
helium peak i s  a t  116 by 64. 
un fo ld ing  t o  t h e  l e f t  and downward. 
A f a c t o r  
The spectrum of helium can b e  seen  
Th i s  d i s t r i b u t i o n  should be compared w i t h  t h e  St vs S + C ,  
F,  2 : l  d i s t r i b u t i o n  i n  F igu re  A-4 .  
which have been sepa ra t ed  from the  p ro ton  peak can now be seen  
a t  St = 22. 
o f  t h e  helium peak, 116 by 64. 
The non-penetrating e l e c t r o n s  
Note a l s o  t h e  c l e a r  absence  of counts  i n  t h e  r e g i o n  
The nex t  f o u r  f i g u r e s  show i n  1:l scale  t h e  energy r e g i o n  
j u s t  below t h e  helium n u c l e i  Cerenkov t h r e s h o l d  (320 MeV/nucleon) 
f o r  t h e  fo l lowing  f o u r  cases :  Figure A-5, St v s  S + C y  P; A-6, 
St v s  S + C y  F; A-7, Sm vs S + C y  P ;  and A-8,  S, v s  S + C ,  F. 
Comparing A-5 and A-7, no te  t h a t  t h e  background even t s  a r e  
more concen t r a t ed  nea r  S + C equal ze ro  i n  t h e  S d i s t r i b u t i o n s  
and are more g e n e r a l l y  spread  out i n  t h e  Sm d i s t r i b u t i o n s .  
t h e s e  d i s t r i b u t i o n s  show helium n u c l e i  between 160 and 320 MeV/  
nucleon. I n  F igu res  A-6 and A-8 n o t e  t h a t  f o r  St  d i s t r i b u t i o n s  
t h e  low energy p ro tons  b a r e l y  reach t h i s  range  of p u l s e  h e i g h t s  
t 
Both 
*In t h e s e  d i s t r i b u t i o n s ,  there a re  two types  of s c a l e  used. 
I n  t h e  "exponent ia l  alphameric" d i s t r i b u t i o n s ,  t h e  numbers shown 
r e p r e s e n t  x where 2x< N < 2x-1. 
c e l l .  
t h e  a lphabe t ,  so t h a t  an  A=10 r e p r e s e n t s  a n  N as fo l lows:  1024 - < 
N <2048. I n  t h e  " l i n e a r  alphameric' '  o u t p u t s  N i t s e l f  i s  shown, 
w i t h  t h e  coun t ine  proceeding A=10, A = l l ,  e t c .  
N i s  t h e  number of counts  i n  t h e  
Counting beg ins  w i t h  the  numbers 0 , 1 , 2  ... and con t inues  wi th  
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(7 .5 t o  11 t i m e s  minimum) whereas i n  t h e  Sm d i s t r i b u t i o n  t h e  
low energy p ro tons  a re  ve ry  w e l l  de f ined  a t  t h e s e  p u l s e  h e i g h t s .  
I n  F i g u r e  A-9 t h e  manner i n  which t h e  cons i s t ency  r equ i r e -  
ment i s  imposed on t h e  two pu l se  h e i g h t s  St and Sm i s  shown. 
This  is  a 2:l scale St v s  Sm, P d i s t r i b u t i o n .  
Formula A-2, chosen h e r e  t o  b e  k2 = 32, r e q u i r e s  t h a t  t h e  
p a r t i c l e s  l i e  between t h e  two l i n e s  shown. The r e s u l t  of t h e  
a p p l i c a t i o n  of t h i s  s e l e c t i o n  i s  shown i n  F igu res  A-10 and 
The cons t an t  i n  
A-11. 
The s e l e c t e d  d i s t r i b u t i o n  shown i n  F igu re  A-10 i s  e x a c t l y  
t h e  same as t h e  unse lec t ed  one shown i n  A-3, namely St v s  S + C y  
P ,  2 : l  s c a l e .  Note how t h e  background has  been removed. This  
is  even more d r a m a t i c a l l y  shown i n  A-11 which i s  t h e  same as 
A - 5 .  
t h e  background concent ra ted  a t  S + C nea r  ze ro  i s  removed by 
t h e  s e l e c t i o n  p rocess .  
I n  t h e s e  two St d i s t r i b u t i o n s  one can e a s i l y  see t h a t  
I 
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APPENDIX 2 
PULSE HEIGHT DISTRIBUTIONS TO SPECTRA 
a.)  Reduction of t h e  Two Dimensional Pu l se  Height D i s t r i b u t i o n s  
I n  t h e  main body of t h e  t e x t  t h e  convolu t ion  of t h e  Symon 
energy lo s s  d i s t r i b u t i o n s  wi th  Gaussian d i s t r i b u t i o n s  ( repre-  
s e n t i n g  t h e  i n t r i n s i c  d e t e c t o r  response)  i s  d i scussed .  The 
purpose of t h i s  convolu t ion  is t o  o b t a i n  t h e  composite response  
f u n c t i o n s  R(E,x).  It r e p r e s e n t s  t h e  d i s t r i b u t i o n  of f l u c t u a t -  
i o n s  i n  p u l s e  h e i g h t  x which may b e  s u f f e r e d  by a p a r t i c l e  
of energy E. 
The measured q u a n t i t y  from a d e t e c t o r  i s  a d i f f e r e n t i a l  
p u l s e  he igh t  d i s t r i b u t i o n  dM(x)/dx. 
d i f f e r e n t i a l  energy spectrum dj (E) /dE i n c i d e n t  upon t h e  top  of 
t h e  t e l e s c o p e  through t h e  fol lowing equat ion:  
This  i s  r e l a t e d  t o  t h e  
I n  o r d e r  t o  d e r i v e  t h e  energy spectrum from the  measured  two 
dimensional  p u l s e  h e i g h t  d i s t r i b u t i o n s  t h i s  equa t ion  must f i r s t  
b e  reduced t o  a more t r a c t a b l e  form. W e  r e p l a c e  i t  by t h e  s e t  
of l i n e a r  equat ions  
M j  = Jc S j  
where S i s  t h e  s p e c t r a l  number 
j 
r i j  
of counts  i n  t h e  jth energy 
b i n ,  M i  i s  t h e  measured counts  i n  t h e  ie b i n ,  and r 
f r a c t i o n a l  a r e a  of t h e  response  curve  f o r  t h e  jg i n t e r v a l  
R ( E j  ,x) Axi l y i n g  i n  t h e  ifi i n t e r v a l .  
i s  t h e  
i j  
The p u l s e  he igh t  s c a l e  
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is  d iv ided  i n t o  t h e  10  i n t e r v a l s  bounded by t h e  e n e r g i e s  
2000, 1200, 800, 600, 450, 3 4 0 ,  250, 190, 150, and 120  MeV,  
i n  t h e  St (o r  Sm) dimension. 
dimensions,  and t h e  s o l u t i o n  t o  t h e  l i n e a r  system w i l l  c o r r e c t  
f o r  t h e  f a c t  t h a t  a p a r t i c l e  undergoing a f l u c t u a t i o n  i n  t h i s  
dimension w i l l  appear  a t  a new po in t  on t h e  energy scale. 
T h i s  subd iv ides  one of t h e  
Because of t h e  two dimensional n a t u r e  of t h e  d i s t r i b u t i o n s  
some s i m p l i f i c a t i o n  can b e  made t o  t h e  above set of coupled 
equa t ions .  It i s  accomplished by u t i l i z i n g  t h e  energy v a r i a t i o n  
of ou tpu t  from t h e  S + C d e t e c t o r  t o  p a r t i a l l y  decouple t h e  
system of t e n  equa t ions .  The f a c t  t h a t  t h e  S + C i n t e r v a l s  ( t h e  
r ange  of S + C p u l s e  h e i g h t s  allowed f o r  a g iven  va lue  of S )  
do no t  l i e  d i r e c t l y  beneath one ano the r  is t h u s l y  taken  i n t o  
accoun t .  
To examine t h i s  i n  more d e t a i l ,  w e  begin  by cons ide r ing  
a n  event  i n  p u l s e  he igh t  i n t e r v a l  i on t h e  S a x i s .  For t h i s  
i n t e r v a l  a c e r t a i n  range of S t C p u l s e  h e i g h t s  i s  al lowed,  
s a y  y i +  Ayi where Ayi i s  determined by t h e  h a l f  p o i n t s  (same 
as FWHM) on t h e  S + C d i s t r i b u t i o n  a t  energy i. (Where Ay can- 
n o t  b e  d i r e c t l y  determined from t h e  p u l s e  h e i g h t  d i s t r i b u t i o n s ,  
t h e  v a r i a t i o n  i n  S + C i n t e r v a l  s i z e  i s  ob ta ined  by assuming 
t h a t  t h e  S + C l i g h t  ou tput  i s  dominated by pho toe lec t ron  
s ta t i s t ics  wi th  a s l i g h t  adjustment f o r  t h e  vary ing  r e s o l u t i o n  
of  t h e  Symon d i s t r i b u t i o n s  w i t h  energy.)  
i n  p u l s e  he igh t  b i n  i f l u c t u a t e s  and l a n d s  i n  t h e  p u l s e  he igh t  
b i n  j .  
Suppose a p a r t i c l e  
I n  t h e  S + C dimension t h e  p a r t i c l e  w i l l  s t i l l  l i e  i n  
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t h e  range  y i +  Ayi s i n c e  t h e  p a r t i c l e  response  i n  t h i s  d e t e c t o r  
i s  independent of  t h e  f l u c t u a f i o n  which took  p l a c e  above. Now 
b i n  j w i l l  i n c l u d e  a range  of  p u l s e  h e i g h t s  y j  + Ayj i n  t h e  
S + C dimension, some of which may o v e r l a p  t h e  range  y i +  Ayi. 
The f r a c t i o n  of t h i s  o v e r l a p  (weighted by t h e  S + C d i s t r i b u t i o n  
f u n c t i o n )  r e p r e s e n t s  t h e  e f f i c i e n c y  w i t h  which t h e  i n t e r v a l  i 
i s  connected t o  j i n  t h e  S + C dimension. This  g i v e s  r ise t o  
a set of  decoupl ing c o e f f i c i e n t s  which depend upon t h e  r e s o l u t i o n  
and on t h e  SIC r a t i o  of t h e  S + C d e t e c t o r .  The c o e f f i c i e n t s  a re  
smaller ( b e t t e r  decoupl ing)  f o r  b e t t e r  r e s o l u t i o n  and f o r  lower 
S / C  r a t i o s .  
Call t h e s e  decoupl ing c o e f f i c i e n t s  d i j .  The c o e f f i c i e n t  
dij  t h e n  r e p r e s e n t s  t h e  probabi1 i ty)Lhat  a n  event ,  which belongs 
t o  t h e  ig s p e c t r a l  b i n  and f l u c t a t e s  i n t o  t h e  j& measured 
b i n ,  w i l l  a c t u a l l y  l i e  i n  t h e  j& b i n  i n  t h e  S + C dimension 
( a l l  d i i  = 1 ) .  
The equat ion  t o  b e  so lved  then  becomes 
Mi = 1 S .  rij d i j  = 1 S j  P i j  
j J  j 
It w a s  o r i g i n a l l y  hoped t h a t  t h i s  matrix of P i j ' s  could b e  
i n v e r t e d  and t h e  S.'s found d i r e c t l y ,  b u t  t h i s  proved impossible .  
T h i s  can b e  demonstrated by Figure A-12. T h i s  f i g u r e  shows t h e  
v a r i o u s  matrices f o r  t h e  f irst  C h u r c h i l l  f l i g h t  i n  1966. They 
a r e  r e s p e c t i v e l y  from t o p  t o  bottom r i j ,  d i j ,  P i j  and (P i j ) - ' .  
Because of t h e  a l t e r n a t i n g  s i g n s  i n  (P i j ) - ' ,  a 1% e r r o r  i n  t h e  
r a t i o  of M 3 / M 4 ,  f o r  example, would produce a 10% e r r o r  i n  t h e  
J 
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r a t i o  of S 3 / S 4 .  
l a r g e  t o  b e  t o l e r a t e d  and so t h e  method f i n a l l y  used t o  s o l v e  
t h e  system of t e n  equa t ions  i s  an  i t e r a t ive  procedure  whereby 
t h e  S a ' s  are guessed, pu t  i n t o  t h e  above equa t ion ,  and t h e  
M i ' s  determined. 
t h e  measured M i ' s  can be  reproduced w i t h i n  s t a t i s t i c a l  e r r o r s ,  
c o n s i s t e n t  w i th  smooth s p e c t r a  of t h e  S 's .  
This  enhancement of e r r o r s  proved t o  b e  too  
J 
The o b j e c t  is  t o  then  a d j u s t  t h e  S ' s  u n t i l  
j 
j 
T h i s  t echn ique  is  used from 2 BeV down t o  120 MeV a t  
which energy t h e  S M .  because t h e  energy i n t e r v a l  wid ths  
have become comparable wi th  t h e  FWHM's of t h e  d i s t r i b u t i o n s .  
b . )  Q u a l i t y  of Symon D i s t r i b u t i o n s  
j J 
S t i l l  t o  be  cons idered  is  whether o r  no t  Symon d i s t r i b u t -  
i o n s ,  which r e p r e s e n t  t h e  a c t u a l  f l u c t u a t i o n s  i n  energy l o s s  
of a p a r t i c l e  t o  a q u i t e  good degree (Gooding and E i sbe rg ,  1957) ,  
r e p r e s e n t  t h e  a c t u a l  f l u c t u a t i o n s  t o  b e  expected i n  l i g h t  ou tpu t  
from t h e  d e t e c t o r .  
Symon's (1948) d i s t r i b u t i o n s  i n c l u d e  t h e  p r o b a b i l i t y  t h a t  
the  p a r t i c l e s  w i l l  undergo l a r g e  f l u c t u a t i o n s  i n  energy l o s s .  
These f l u c t u a t i o n s  are most pronounced ( s e e  F igu re  4 )  f o r  
minimum i o n i z i n g  s i n g l y  charged p a r t i c l e s  w i t h  B 1. The 
i n t e g r a l  d i s t r i b u t i o n  (which corresponds t o  t h e  d i f f e r e n t i a l  
Symon d i s t r i b u t i o n  shown i n  F igure  4) t e l l s  u s  t h a t  t h e r e  i s  
a 10% p r o b a b i l i t y  of a f l u c t u a t i o n  o c c u r r i n g  wi th  an  energy 
l o s s  g r e a t e r  than  1 . 7  t i m e s  t h e  most p robab le  energy l o s s .  
This arises because of t h e  product ion  of one o r  more h i g h  
energy knock-on e l e c t r o n s .  
when produced, must have energy of t h e  o r d e r  of Ep g i v i n g  i t  
I n  f a c t  t h i s  knock-on e l e c t r o n ,  
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a range  comparable t o  t h e  th i ckness  of t h e  d e t e c t o r  i t s e l f .  
Thus t h e  chance i s  r e l a t i v e l y  high t h a t  t h i s  knock-on e l e c t r o n  
w i l l  leave t h e  d e t e c t o r  element reducing  t h e  energy depos i t ed  
i n  t h e  c r y s t a l .  
This  e f f e c t  has  been considered by Lund and Risbo (1965) 
who have performed a Monte C a r l o  c a l c u l a t i o n  t o  determine where 
t h e  e l e c t r o n  is  produced i n  t h e  c r y s t a l ,  what i t s  a n g l e  of 
emergence is ,  and what d i s t r i b u t i o n s  should be  expected i n  l i g h t  
o u t p u t .  The i r  work i n d i c a t e s  t h a t  f o r  a c r y s t a l  of about  1 . 2  
gm/cm2 t h i c k n e s s  , t h e r e  should b e  no f l u c t u a t i o n s  beyond a 
p u l s e  of t w i c e  t h e  most probable  l i g h t  o u t p u t ,  2 Lp, f o r  a min- 
imum i o n i z i n g  par t ic le .  For lower  energy i n c i d e n t  p a r t i c l e s ,  
t h e  energy loss t r a n s p o r t e d  o u t s i d e  of t h e  c r y s t a l  goes t o  zero  
because  t h e  maximum t r a n s f e r a b l e  energy i s  p r o p o r t i o n a l  t o  
B 2 / ( 1 - B 2 ) .  
Symon d i s t r i b u t i o n s  tend smoothly t o  ze ro  a t  2 Lp. Allowing 
t h e  "real" Symon d i s t r i b u t i o n s  t o  extend beyond 2 L g i v e s  
t o t a l l y  unreasonably r e s u l t s  i n  t h e  low energy p a r t  of t h e  
spectrum. 
To c o r r e c t  f o r  t h i s  phenomenon w e  r e q u i r e  t h a t  our  
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